Hb 


NUOVO CIMENTO 


ORGANO DELLA SOCIETÀ ITALIANA DI FISICA 
SOTTO GLI AUSPICI DEL CONSIGLIO NAZIONALE DELLE RICERCHE 


Vou. XVI, N. 4 Serie decima 16 Maggio 1960 


Diffraction of a Plane Electromagnetic Wave by Cylinders 


with Anisotropic Conductivity (*). 


R. E. KELLY (*) and A. RUSSEK 


The University of Connecticut - Storrs, Conn. 


(ricevuto il 16 Novembre 1959) 


Summary. — The diffraction of a plane electromagnetic wave at an 
arbitrary angle of incidence on isotropic and hollow anisotropically con- 
ducting cylinders of infinite length is investigated. The anisotropically 
conducting cylinders considered are a) a cylinder which conducts in the 
axial direction only and b) a cylinder which conducts in the 0-direction 
only (such as a tightly wound helix). The diffracted fields are deter- 
mined by meeting the appropriate boundary conditions on the cylindrical 
surfaces. Expressions are also given for the induced surface currents 
and the cross-sections; plots of the latter and of the angular distribution 
of diffracted energy are presented. A discussion of the physical mech- 
anism whereby anisotropic conductivity effects differ from those of 
isotropic conductivity is also included. It is found that the axially con- 
ducting cylinder is transparent to an incident TE wave whereas the 
TM polarization results in a field identical to that of an isotropic cylinder. 
The 0-conducting cylinders produce diffracted fields which do not pre- 
serve the polarization of the incident wave. For increasing ratio of radius 
to wave length, the cross-sections increase to a point at which they begin 
to oscillate and finally approach constant values. 
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1. — Introduction. 


The diffraction of electromagnetic waves by perfect conductors has long 
received considerable attention in the literature; exact solutions have been 
worked out for many geometries and approximate solutions for many more. 
Only recently, however, has any attention been devoted to diffraction effects 
caused by anisotropically conducting surfaces, such as screens made up of 
fine, closely spaced parallel wires, all insulated from each other. Such a sur- 
face has, of course, the property that current flow in it is restricted to a single 
direction, and it will henceforth be termed « unidirectionally conducting ». It 
is hoped that no confusion will result from this usage of the word « unidirec- 
tional » as contrasted to the other usage applied to, say, a diode in a circuit. 

Diffraction problems involving unidirectionally conducting surfaces were 
first attempted by ToRALDO DI FRANCIA (!), who solved approximately the 
problem of diffraction of a plane wave by a small circular dise with unidirec- 
tional conductivity. He found that the electromagnetic cross-section for such 
a dise is zero for that component of the incident electric vector polarized per- 
pendicularly to the direction of conductivity and equal to that of an isotropi- 
cally conducting dise for that component of E parallel to the direction of con- 
ductivity. This result may not seem surprising at first glance; it is, however, 
when it is realized that the isotropically conducting dise has currents both 
parallel to and perpendicular to the incident electric field direction. Further 
work on diffraction by unidirectional conductors was done by KARP (?), who 
obtained closed form expressions for the diffraction of a plane wave by a semi- 
infinite screen which is conducting along a direction making an arbitrary angle 
with the edge. RADLOW (*) has solved the problem of a dipole field incident 
on the same diffracting geometry. Finally, ToRALDO DI FRANCTA (1) has dis- 
cussed Babinet’s principle for diffraction by a plane screen with unidirectional 
conductivity. 

The entire subject of diffraction by unidirectional conductors is clearly of 
potential value in microwave physics. Such conductors can easily be made 
by embedding fine wires in a non-conducting plastic, and offer an additional 
degree of freedom in design problems. (A unidirectionally conducting plane, 
for example, reflects one polarization and transmits the other; hence it can 
be used as a microwave polarizer.) However, before this potential can be 
realized, an intuitive understanding must be gained of the kinds of diffraction 


(*) G. TORALDO DI FRANCIA: Nuovo Cimento, 3, 1276 (1956). 

(2) S. N. Karp: N.Y.U. Institute of Mathematical Sciences, Division of Electro- 
magnetic Research, Report no. EM-108 (1957). 

(*) J. RapLOW: Quart. Appl. Math., 17, 113 (1959). 

(4) G. ToraLpo DI FRANCIA: Nuovo Cimento, 9, 309 (1958). 
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effects one can expect from various geometries. Until now, only plane geo- 
metry has been considered, with edge effects taken into account. The purpose 
of the present work is to begin to extend the understanding of diffraction pro- 
duced by unidirectionally conducting surfaces to effects produced by non- 
planar surfaces. 

Specifically, the problems here solved are the diffraction of plane electro- 
magnetic waves of arbitrary polarization at an arbitrary angle of incidence 
by a) a cylinder which conducts only in a direction parallel to the axis and 
b) a cylinder which conducts only circumferentially, such as a tightly wound 
helix. In addition, the diffraction of the same incident field produced by an 
ordinary (isotropically conducting) cylinder is also obtained, so that the dif- 
ference in diffraction effects between anisotropic and isotropic cylinders can 
be studied in detail. Cylindrical geometry was chosen, in this work, because 
of the importance of the cylinder in antennas, transmission lines and diffrac- 
tion gratings. Not inconsequential in the choice was the fact that rigorous 
solutions for the field components can be obtained in this case. 

At this point, it may be well to point out that although diffraction of a 
plane wave perpendicularly incident on an ordinary cylinder is well known, 
very little consideration has been given to the case of oblique incidence. 
VAN DE Hutst (5) and WAIT (5) have brief accounts of the problem at oblique 
incidence without a consideration of surface currents, cross-sections and an- 
gular distribution of diffracted energy. Since these effects are all considered 
here, it appears that a contribution is also being made to the subject of dif- 
fraction by ordinary cylinders. 

Section 2 first gives a brief review of the boundary conditions that apply 
on the surface of a unidirectional conductor. Following this, exact solutions 
for the diffracted field components are obtained by applying the appropriate 
boundary conditions for incident fields which are plane waves at arbitrary 
angle of incidence. Two polarizations, transverse electric (in which the electric 
vector of the incident plane wave is perpendicular to the cylinder axis), and 
transverse magnetic, are considered for each of three types of cylinders: iso- 
tropic, paraxially conducting and circumferentially conducting. Hence six 
distinct cases are considered in all. 

In Section 3, the surface currents induced on the cylinders are obtained 
from the field components. Following that, the far fields are obtained and the 
cross-section per unit length of cylinder is then computed for each case. Nume- 
rical calculations have been performed and are presented to illustrate the 
changes in diffraction effects consequent on the substitution of anisotropic for 
isotropic cylinders. 


(5) H. C. Van DE Hurst: Light Scattering by Small Particles (New York, 1957). 
(6) J. R. Warr: Cand. Journ. Phys., 33, 189 (1955). 


1619 


Ri, 


596 R. E. KELLY and A. RUSSEK 


2. — The diffracted fields. 


2°1. Boundary conditions. — Inasmuch as the diffracted field is determined 
by forcing it, acting together with the incident field, to satisfy the appropriate 
boundary conditions, it is useful to review these conditions. 

For a perfect isotropic conductor, it is well known that the conditions are 
determined by the fact that a perfect conductor is unable to sustain an electric 
field. Consequently the tangential components of E must vanish at the sur- 
face. From this and Maxwell’s equations, it follows that the normal com- 
ponent of H must vanish at the surface also. The normal component of E 
and tangential components of H are unrestricted at the surface. Since these 
fields must all vanish immediately within the conductor, the discontinuities 
in these components are accounted for by surface charge and current distri- 
butions. 

The boundary conditions that apply on unidirectionally conducting sur- 
faces differ from the above in that the surface is perfectly able to sustain a 
tangential electric field perpendicular to the direction of conductivity. This 
component can freely pass through the surface. The conditions are listed below. 


a) The tangential component of E parallel to the direction of conductivity 
vanishes at the surface. 


b) The tangential component of E perpendicular to the direction of con- 
ductivity is merely required to be continuous across the surface. 


c) The normal component of E is unrestricted at the surface. Any dis- 
continuity in this component is accounted for by surface charge. 


d) The tangential component of H parallel to the direction of conductivity 
is only required to be continuous across the surface. 


e) The tangential component of H perpendicular to the direction of con- 
ductivity is unrestricted at the surface. Any discontinuity in this 
component is accounted for by surface current. 


f) The normal component of H is only required to be continuous across 
the surface. This is not an independent condition, but follows from 
Maxwell’s equation V x E=—wH/e and the conditions on the tan- 
gential components of E. 


2°2. Geometry and notation. — The geometry is illustrated in Fig. 1. The 
cylinder, of radius R, has as axis the z-axis. The orientation of the x-axis is 
chosen so that the propagation vector k of the incident plane wave is in the 
æ-2 plane. The acute angle between this vector and the w-axis is denoted by y. 
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I 


For brevity in notation, the #-compo- ef 
nent of k will be designated by X and 
the <-component by L: 


(1) kik © hie 


The solutions for the field components 
are obtained in cylindrical co-ordinates 
0, 6, and z defined, in the usual way, 
by 


(CICERO — ET 


The diffracted electric and magnetic 
fields are denoted by e and A respecti- 
vely, and the incident fields by E? and 
H'. The total fields are, by definition, 
the vector sum of the two in each case 7 


2 
I Fig. 1. — Geometry and notation. The 
(3) E=E'+e, H=H'+h. electric and magnetic field of the in- 


cident plane wave are shown for the 
It is also convenient to introduce the ONTO ETA STA) CONI 
following functions, which will consi- 
derably abbreviate the expressions for the fields obtained below: 


(4a) (tad gO ee 
(4b) HG) HE) AC), 
(4e) G,= H;(KR)J;(KR)+H}(KR)J}(KR)sin?y, 
(4d) A =, exp[iLe— at)], 


where J, is a Bessel function of order n, H, is a Hankel function of the first 
kind and order » and H, is the magnitude of the incident electric field. 


2°3. The mathematical solution. — In each of the six cases below for which 
solutions are obtained for the field components, the incident plane wave is 
first expanded in terms of Bessel functions 


EE È 
(5a) Ei = E, exp [i(k:r — wt)] = 24 sa D eni"T (Ko) cos n , 


40 n=0 
kx E kE 


(50) Ht = ——— exp [i(k-r — wt)] = 24 - o DestI(Ko)cosn0, 
k bb Bono 
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where ¢,=1 and all e,=2 for n> 0. The diffracted fields are most conve- 
niently obtained from a combination of electric and magnetic Hertzian vectors, 
of which only the e-components are required in this problem. Denoting, then, 
these components by /7° and 77" respectively, the diffracted fields are given 


Dy ats) 


C2 e 1 lo) Tm 1 alle oll” 

é = ———— -— he +2, 

“© do02 co 00 co 00° 0002 
1 025 10 1 Ole 103 

(6) D aa ho = Pe a 
o 0002 ¢ 00 c 00 o 00 0e 
C 27 Te il SA lo) 2[]” Ti na 
== — — Ke Da — = - II” 
di de? e? E, 5 de? e? 


where a dot denotes partial differentiation with respect to time. In order that 
the fields (6) be solutions of Maxwell’s equations, /7° and 77” must be of the 
form 


II° = exp [i(Le — ot)] ¥ Z,(Ko)[a, sin n0 + b, cos n0] 
n=0 
(7) 
IT” = exp [i(Le — ot)] > Z,(Ko)[x, sin n0 + B, cos né], 
n=0 


where Z, denotes a Bessel or Hankel function and @,, Dn, a», Pr, are arbitrary 
constants which are determined from the boundary conditions. In all cases, 
outside the cylinder, Z, will be a Hankel function of the first kind (representing 
outward travelling waves). In those cases for which fields exist inside the 
cylinder, Z, will be a Bessel function for the interior fields. These choices are 
determined by the boundary conditions that the diffracted fields shall only 
be outgoing at infinity and that the fields shall be non-singular on the axis. 

Expressions for the diffracted fields in the six cases considered are listed 
below. For the sake of brevity, the algebra by which the coefficients a,, b,, 
n; Pn are obtained by applying the boundary conditions on the surface of the 
cylinder will be omitted. The specific boundary conditions which apply at 
the cylinder (obtained from the general considerations of Section 2°1) will be 
given for each type of cylinder, along with the solutions obtained. That these 
solutions satisfy the appropriate boundary conditions can be readily verified 
by the direct substitution 9 = R. 


(7) See, for example, J. A. SrRATTON: Electromagnetic Theory (New York, 1941). 
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Only the electric fields are presented. The magnetic fields are obtained 
from these in the usual manner by Maxwell’s equation 


(8) WE GRSNVXe;, 
where w has been set equal to unity. 


23.1. Isotropically conducting cylinder. — The boundary con- 
ditions imposed at 9 = R (not all of which are independent) are, in this case 


(9a) e,(R) + Hi(R) =0, 
(9b) eo(R) + Ej(R)=0 
(9e) A(R) + HR) = 


and there will be no fields within the cylinder. 


a) Incident electric field is parallel to the y-axis (TE) 


(10a) e,= > UH; (Ko) sin né 
ò n=0 
(105) e = > UH, (Ko) cos n0 
n=0 
(10€) fi 
where 
(104) Ur Ae Jx(KR)/H5(Kk). 


b) Incident magnetic field is parallel to the y-axis (TM) 


(11a) =— sin y DIA ; (Ko) cos n0 
(110) : C= I 2. V,H;(Ko)sin nO 
n=0 
(11c) ER 20, COS y Sy n(Ko)cosno, 
n=0 
where 
(11d) Vi A oe he) A (Kb 
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23.2. Cylinder conducting in z-direction only. — In this case 
there will, in general, be fields within the cylinder. Therefore, some of the 
boundary conditions imposed at @ — R relate the external to the internal 
fields. Denoting by R+ and R—, field points immediately outside and im- 
mediately inside the cylinder, the boundary conditions are: 


(12a) e,(R+)+ E{(R+)= #,(k—) = 0 
(120) eg(R+) + Bs(R+)= E(R-) 
(126) h(R+) + Hi(R+)=H,(R_). 


Note that within the cylinder, the field components are not decomposed into 
incident and diffracted parts. 


a) Incident electric field is parallel to the y-axis (TE) 
(43) EE for o0< È 
(14) © = for SO ht 


Thus, this type of cylinder is completely transparent to an incident TE wave. 


b) Incident magnetic field is parallel to the y-axis (TM) 


(15) E=0 for o< È 

(16a) é,=—siny » V,H, (Ko) cos n0 LODO ==. Lo 
n=0 

(165) 6@= siny > VA (Ko) sin n0 for lock 
n=0 

(16€) e, = 2î cos y > V,H,(Ko) cos nO Longo kh 


n=0 


These fields are identical to those specified by eqs. (11), produced when the 
same incident polarization is diffracted by an ordinary cylinder. 


23.3. Cylinder conducting in 0-direction only. — In this case 
too, there will also, in general, be fields within the cylinder. The boundary 
conditions are: 


(17a) é,(R+) + H(R+) = E,(R-) 
(175) e(R+)+E(R+)=E,(R-)=0 
(176) h(R+)+H(R+)= H{R—) 


Les 


DIFFRACTION OF A PLANE ELECTROMAGNETIC WAVE BY CYLINDERS ETC. 601 


a) Incident electric field is parallel to the y-axis (TE). 
For 0< fk: 


2 He R 
(18a) Be AIN er Hat): 


n=0 Gi 
[Jn (KR) Jn (Ko) —-Jn (KR)J; (Ko)] sin n0, 
i 2 He Chote 
(18d) Ho A Si? yy ent att SU, 
n=0 Ga 

[Jn (KR)I (Ko) — Ji (KR)J, (Ko)] cos nb, 
2 = ee 1 K oa . 
(18€) ERA my coperte ee ( "a J,(Ko) sin n0 . 


n=0 G n 


For o> E: 


= In (KR 
(19a) Crate A > ei ( (KR) | 
n=0 Ge 
[Jn (AR) Ay (Ko) + Jn (KR)H, (Ko) sin? y] sin né, 
J, (KR 
(190) 0 = A Di Berk = Bes Lee 
:[Ix (KR) H (Ko) + Ji (KR)Hj (Ko) sin? y] cos 0, 
È Es KR n KR A 
(19€) = 2 A sin Wy cos det" O I, H,(Ko) sin nO. 


z di 
n=0 Ga 


b) Incident magnetic field is parallel to the y-axis (TM). 


For o< R: 


H, (KR 
(20a) Hj Al gin 47> sì gn intl DA 
ee 0 n 
[In (KR) Jn (Ko) — Jn (KR)In (Ko)] cos n0, 
Ç H, (KR 
(20b) Ho = A sin y > En ith HnA (2) 
n=0 Tn 


-[Jn (KR)J: (Ko) —J,(KR)Ji(Ko)]sinn, 


= Hy (ICR In (KR 
(20c) EEE di 1; de Dj (Ko) cos nb . 
n=0 Tn 
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For 90> È: 
CRI (tie 
(21a) é=—Asiny DI e, intl In (KR) 
7 n=0 Ge 
‘(Jn (KR) Az (Ko) + Jn (KR) H;, (Ko) sin? y] cos 16, 
, SIA 
(216) EINE ne 
n=0 Ga 
‘(Jn (KR)H, (Ko) + In (KR) He (Ko) sin? y] sin n0, 
co, È Fia R 2 e 
#10) 6, = — 2A sin? y cos y > En" 1? = as H,(Ko) cos n0 . 
n=0 n 


3. — Surface currents, far fields and cross-sections. 


3'1. Surface currents. — A study of the surface currents induced on the 
cylinder in the various cases yields valuable physical insight on the manner 
in which anisotropic conductivity affects the diffraction properties. For this 
reason, the surface currents will be listed and discussed. It may be worth- 
while to point out, parenthetically, that the surface charge densities were also 
obtained, in each case, from the fields, although they will not be presented 
here. The surface charge and current distributions were then tested to make 
sure that they satisfied the equation of continuity. This constitutes an inde- 
pendent check on the computations by which the fields were determined from 
the boundary conditions. 

Now o, the surface current per unit length induced on the cylinder, is found 
from the discontinuity in the tangential component of the total magnetic 
field across the surface, 


(22a) o,= (¢/4s)[ho(R+) + HR +) — H,(R—)] 
(22b) og = — (c/4x)[h,(R+)+HR+)-H,(R-). 


Note that the particular form in which eqs. (22) are written was chosen be- 
cause each of the fields derived in the previous section is expressed in terms 
of an incident and a diffracted part outside the cylinder, whereas only the 
total field component is given inside the cylinder. The surface currents, ob- 
tained in this manner, are listed below. 


la) Isotropic cylinder, incident TE wave 


2CA 2 ¢, int 


wwkR ,—, H, (KR) 


(23a) 09 = 


cos nO , 


) 2cA siny 2 ne,i7+1 
(235) c 2A siny Sn n 
" (xkR} cos? y=) Hy (KR) FU 
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1b) Isotropic cylinder, incident TM wave 


(24a) RS 
cA oe E qn 
24b ra : P | 
( ) Oz wake COS y 2 H (KR) COS n0 


2a) 2-conducting cylinder, incident TE wave 


(25a) EN) 


2b) z2-conducting cylinder, incident TM wave 


(26a) Syl) 

cA 2 E qn 
26) ANR OR ok ne nd 
A ER cos y 22 HSE) EE 


3a) 0-conducting cylinder, incident TE wave 


RI DA (TO 
(27a) DÈ as È Ep iti 7 COS nb , 


| 


,=0. 


(270) O. 


3b) 0-conducting cylinder, incident TM wave 


DA gin yy 2 (ER) 
(28a) Gp = on > AT gin m0. 
r°kR n =0 Ga 


The various functions employed in eqs. (23)-(28) are defined in eqs. (4). 
Some intuitively plausible general «rules » and considerations for plane 
waves striking anisotropically conducting surfaces are illustrated by these 
results. (It should be emphasized that these are not theorems with the proofs 
omitted, but rather intuitively justified speculations based upon the results 
obtained to date. If these speculations are correct, they should, of course, be 
rigorously provable. They are included here because it is just such stimu- 
lation that warrants the consideration of special cases, such as plane, half-plane 


and cylindrical geometry.) 


1) If, at the surface, the incident electric field is everywhere parallel to 
the direction of conductivity (the entire electric field, not just the tangential 
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component), then the diffracted field will be exactly the same as for an iso- 
tropic conductor. Note, however, that at an edge, an « isotropic » conductor 
is really anisotropic, since it can conduct in one direction only, along the edge. 
Therefore, for example, an anisotropically conducting half-plane with the in- 
cident electric field parallel to the direction of conductivity should not, in 
general, yield the same diffracted field as an ordinary half-plane. 


2) If, at the surface, the incident electric field is everywhere perpen- 
dicular to the direction of conductivity, no currents at all can be induced and 
the object will be perfectly transparent, producing no diffracted fields. 


3) If, at the surface, the angle between the incident electric field and 
the direction of conductivity varies from point to point, then the variation 
in induced current from point to point leads to surface charge concentrations 
which will, in general, be different from that required to cancel off the com- 
ponent of electric field normal to the surface. These charge concentrations 
will therefore give rise to a component of electric field perpendicular to the 
direction of conductivity. (Nothing, of course, can give rise to electric fields 
at the surface parallel to the direction of conductivity.) These fields could 
not be produced by the isotropic conductor which could sustain currents that 
would cancel them off. In this way, anisotropic conductors can generate a 
diffracted field that is, in part, characteristic of the polarization opposite to 
that of the incident wave. 


Speculation 1 can be intuitively justified as follows. If the incident electric 
field has no normal component, it does not attempt to induce any surface 
charge. If, further, it is everywhere parallel to the direction of conductivity 
at the surface, is does not attempt to induce any current in a direction in which 
the surface cannot conduct. Consequently, the induced surface currents and, 
therefore, the diffracted fields should be exactly the same as for an isotropic 
conductor. This case is illustrated by comparing the current densities of the 
isotropic and 2-conducting cylinders for a TM plane wave at normal incidence 
(case 1b) and 2b) for y= 0). They are, as predicted, identical. 

The intuitive justification of speculation 2 is that an incident field which 
only attempts to move a charge in a direction in which that charge can not move 
will induce no surface currents, and hence, no surface charge as well. This 
is illustrated by the +-conducting cylinder for a TE wave at any angle of 
incidence and for a 0-conducting cylinder for a TM wave at normal incidence. 

Speculation 3 is rather vague, and is therefore best approached by the con- 
sideration of a special case. It will be observed from eq. (23b) that for a TE 

rave incident obliquely on an isotropic cylinder, o, does not vanish, even 
though the incident electric field does not have any <-component. The reason 
for this is that current flow in the 0-direction tends to cause a surface charge 
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distribution, as illustrated in Fig. 2, 
which exceeds that necessary to 
account for the normal component 
of E°. As a result, this charge 
build-up tends to create a tangen- 
tial electric field parallel to the ¢- 
axis. In an ordinary cylinder this 
is impossible and such a secondary 
field is prevented by appropriate 
currents in the ¢-direction. How- 
ever, the 0-conducting cylinder 
can sustain this electric field and 
has therefore created a diffracted 
2-component of electric field. This 
field is actually radiated, as can 
be seen in the next section. On 
the other hand, the currents that 
flow in the z-direction of the ordi- 
nary cylinder do not radiate, since 
the total current in the ¢-direction 
(o, integrated over 0) is equal 
to zero. 


ordi 
+ 
+ — 
R 
= Je== n 
Fig. 2. — Charge distribution on cylinder. 


3°2. The asymptotic fields. — The determination of the asymptotic diffracted 
field components (far fields) is made by using the approximate forms taken 
by the Hankel functions when Ko > 1. 


(29) H,(Ko) = (2/7Ko)* exp 


from which 


’ 


4 2 


È > TT NIC 
1 (Ke i = 


(30a) Het io) 0 


(30b) Hz (Ko) = 2H, (Ko). 


The substitution is straightiorward, and the results are listed below. 


la) Isotropic cylinder, TE wave incident 


(31a) we |) 

3 ANSE 
(310) ce = — 2(2/nKo)? exp i [ie — 7) Do U,, cos nO , 
(31¢) CAE 
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606 
1b) Isotropic cylinder, TM wave incident 

(32a) e, = 2(2/nKo)* exp î (e =] siny ¥1i-*-1 V, cos n0 , 

n=0 

(320) 620, 

(32¢) e, = — 2(2/%Koe)* exp|i (re =] COS di > iron, Cos 10. 
2a) +-conducting cylinder, TE wave incident 

(33) e, = eg —=e, = 0. 


4 
2b) 2-conducting cylinder, TM wave incident. 
The fields are the same as those for the isotropic cylinder, 


eqs. (32). 


3a) 0-conducting cylinder, TE wave incident 


(34a) e, = —2(2/n Ko) exp |i fz -3) sin? yA 5 a Jn (ICR) J; (KR) sin nd , 
n=0 
(34D) ee — — 2(2/nKo) exp |i [re a] AS: Ri Jn.(KR)}} cos n0, 
n=0 Un 
i(34c) ¢ — 2(2/mKo)} exp |i (re -î) 


‘cos y sin y A ye a = Ji (KR)J,(KR)sinn0. 
n=0 Tn 


3b) 0-conducting cylinder, TM wave incident 


(35a) e 2(2/xKo) exp [i (re -5) sin? MAD, [Jn (KR)]? cos n6. 

(35b) eo ~ — 2(2/x Ko) exp li (Ke — | sin yA > = n (KR)J, (KR) sinné . 

(35c) |. e, = — 2(2/xKo) exp | [iy = 7) sin? y cos yA DI a [Ji (KR)]? cos né . 
33. 


The scattering cross-section and angular distribution of diffracted energy. 
— The scattering diameter D, which is commonly called the cross-section per 
unit length of cylinder, is given by 


27 


(87 /cHs cos nfs odé, 


0 


(36) i HE 
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where S, is the time average of the o-component of the Poynting vector for 
the diffracted field, 


(37) S,= (c/8x) Re (egh,— ehy) . 


Here, h, and ho denote the complex conjugates of h, and h,. The scattering 
diameter (multiplied by a unit length of cylinder) defines an area which, by 
definition, intercepts as much incident energy per unit time as is found ra- 
diated away (per unit length along the z-axis) by the diffracted field. The 
substitutions and integrations are straightforward and yield: 


AP J teh) 2 
(38a) Don iso K DI En Fa (KR) | b) 
oi IKR) | 
(38b) Dr iso Te > En H,(KR) i) 
(38€) Dara seo = 0 
(38d) Diu Ta Derst,iso 
PRI NR caine hee 
(SC Lirico = En dela [(Jn (KR)? + (Jv (KR)? sin? y], 
Ke G, 
4 gi 2% 2 RS KR 2 = 9 + D aan? 
(387) Doyz,-6con = ae En LASSO | (Tn (KR)? aE (Jn (KR)) ~ Sn” y] 4 
! n=0 Tn | 


The angular distribution, D(#), is a measure of the amount of diffracted 
energy per unit cylinder length propagated away from the cylinder in the 
angular region from 0 to 0-+d9 for unit intensity of the incident wave and is 


given by 


(39) D(0) = (E? cosy) * Re (eh, — €, hg) - 


The integral of D(0) over a large cylindrical surface will result in the cross- 


section, D. 


4. — Numerical computations and results. 


In order to gain further insight into the kind of diffraction phenomena 
produced by anisotropic conductors, some numerical computations were per- 
formed on the results of the previous two sections. 

The most important special case to be considered is that of normal inci- 
dence. At normal incidence, each of the anisotropically conducting cylinders 
is completely transparent to one of the polarizations and behaves exactly the 
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Fig. 3. — The scattering 
diameters. Here, the scat- 
tering diameter divided 
by 4R is plotted as a 
function of KR with the 
angle of incidence y held 
fixed at 45°. The curves 
are labeled as follows: 
I stands for isotropic; 
Ag stands for 6-conduct- 
ing; A, stands for z-con- 
ducting; TE for trans- 
verse electric and TM for 
transverse magnetic. 
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Fig. 4. — The scattering 
diameters. Here, the scat- 
tering diameter divided 
by 4R is plotted as a 
funetion of angle of inci- 
dence y with AR held 
fixed at 1.0. The curves 
are labeled as follows: 
I stands for isotropic; 
Ag stands for 0-conduct- 
ing; A, stands for 2-con- 
ducting; TE for trans- 
verse electric and TM for 
transverse magnetic. 
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same as the isotropic cylinder for the other polarization, as exhibited in Table I. 
No numerical computations are presented for this case, inasmuch as they can 
be found elsewhere. 


TABLE I. — Comparison of field quantities at normal incidence. 
Transverse electric Transverse magnetic 
incident wave incident wave 

| 2A 
Cz-con = 0 €z-con = Ciso 
€6-con = Eiso €6-con = 0 


The results at normal incidence merely verify what one would have ex- 
pected all along. The really interesting behavior occurs at oblique incidence, 
as is illustrated in Figs. 3, 4 and 5. 


0 


1 0° 


st 
[ea] 
œo 


| as 


270° 


Fig. 5. — The angular distribution of diffracted energy for the case in which y=45° 

and KR=0.1. Curve 1 is a polar plot of (4R)-*D(0) for the TM polarization for either 

an isotropic or a ¢-conducting cylinder. Curves 2, 3 and 4 represent plots of the quan- 

tity 104(4R)-1D(0) for TE, isotropic, for TM, 0-conducting and for TE, 0-conducting, 
respectively. 


39 - Il Nuovo Cimento. 
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Fig. 3 shows the effective scattering diameter D at 45° angle of incidence. 
This is, in all ways, a typical angle of incidence. It will be observed, there, 
that the scattering diameter of a 2-conducting cylinder for a TM incident wave 
is exactly the same as for an isotropic cylinder excited by this polarization. 
Thus it can be seen that only the 2-component of the incident field is effective 
in producting a radiative diffracted field for the isotropic cylinder. Of greater 
potential interest is the behavior of the 0-conducting cylinder which, for both 
polarizations, exhibits resonance phenomena nearly charcteristic of a circle 
of radius À superimposed on a basic variation. When AKR>1, the cross- 
section for the TE polarization approaches 4R, which is identical to the iso- 
tropic cylinder for both polarizations; the cross-section for an incident TM 
wave tends to zero as KR — oo. 

Fig. 4 shows the dependence of the scattering diameter on angle of inci- 
dence y for fixed value of KR=1.0. It can be seen there that the 9 con- 
ducting cylinder presents a bigger effective diameter to the incident wave, 
at large angle of incidence, than does the isotropic cylinder. 

Fig. 5 presents the various angular distributions of diffracted energy for 
a very small cylinder, KR — 0.1, at 45° incidence. 


The authors would like to thank Dr. EDGAR EVERHART for his helpful 
critical comments. 


RIASSUNTO (*) 


Si studia la diffrazione di un’onda elettromagnetica piana incidente con un an- 
golo arbitrario su cilindri isotropici e cavi, anisotropicamente conduttori, di lunghezza 
infinita. I cilindri anisotropicamente conduttori considerati sono: a) un cilindro con- 
duttore solo in direzione assiale e b) un cilindro conduttore solo nella direzione 0 (come 
un’elica strettamente avvolta). I campi diffratti vengono determinati introducendo 
le opportune condizioni ai limiti sulle superfici cilindriche. Si danno anche le espres- 
sioni per le correnti superficiali indotte e le sezioni trasversali; si danno anche dei 
diagrammi di queste ultime e della distribuzione angolare dell’energia diffratta. Si 
include anche una discussione del meccanismo fisico per cui gli effetti della condut- 
tività anisotropica differiscono da quelli della conduttività isotropica. Si trova che 
il cilindro assialmente conduttore è trasparente per un’onda TE incidente, mentre 
la polarizzazione produce un campo identico a quello del cilindro isotropico. I cilindri 
conduttori secondo 0 producono campi diffratti che non conservano la polarizzazione 
dell’onda incidente. Per un rapporto crescente fra il raggio e la lunghezza d’onda, 


le sezioni trasversali aumentano sino ad un punto in cui cominciano ad oscillare ed 
infine si avvicinano a dei valori costanti. 


(*) Traduzione a cura della Redazione. 
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Lifetimes, eee Ratios, and Asymmetries 
in X-Hyperon Decays (*). 


S. C. FREDEN, H. N. KORNBLUM and R. S. WHITE 


Lawrence Radiation Laboratory - Livermore - Cal. 


(ricevuto il 25 Novembre 1959) 


Summary. — -hyperons produced by the capture of K~-mesons in 
nuclear emulsion have been studied. The mean lifetime of the 2*-hyperons 
which decay via the proton and 7x*-meson modes has been measured. 
For the proton mode using 117 decays at rest and in flight we find 
Tr+p(ay = (8.521:1)-10-1! s. Using the 49 decays in flight only and the 
method of Maximum Likelihood, ?5+_,ient —(9.5*%7)-10-118. For these 
decays the calculated lifetime is strongly dipandont upon ane measured 
X-hyperons energies. Both statistical and systematic errors tend to 
lower the measured lifetime. The lifetime calculated from 37 2* decays 
in flight into rt mesons is Ts+_, 7+ q@ignt) =(6-0738)-10-" s and is essentially 
unchanged when a cut-off of 5-10-!! s is used. No evidence exists for a 
short-lived component. The following branching ratios have been found: 


— D 0 a D x 
Dans 00 0 00 gd I 


o (CAT 
> + sn4nt AU > de 


The values for the asymmetry parameters have been measured. When 
combined with previous data they are found to be «P= — 0.03+0.14, 
a*+P=0.03+0.16 and «P= —0.14+0.75. The superscripts refer to 
the charges of the decay 7-mesons. 


1. — Introduction. 
The lifetimes, non-leptonic branching ratios, and up-down asymmetries 


in the decays of the Y-hyperons have been investigated. The X-hyperons 
were produced by the capture of negative K-mesons which came to rest in 


(*) This work was performed under auspices of the U. 8. Atomic Energy Commission. 
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nuclear emulsion. Only those K~-meson captures which yielded two prongs, 
a Z-hyperon and a 7-meson, were picked for analysis for the following reasons: 


1) The fraction of X-hyperons in those events is about four times as high 
as in the multiply pronged events. Thus considerably fewer heavy tracks must 
be scrutinized to pick out the X-hyperons. This reduces the chance of missing 
a © decay into a x-meson and also that of confusing a proton scatter with a 
x decay into a proton. 


2) These two pronged events are the only type suited for studying the 
up-down asymmetry in the Y-hyperon decay. 


3) The charged x-meson partner helps determine the charge and energy 
of the X-hyperon. 


2. — Lifetimes. 


Several groups of emulsion workers have reported lifetimes for X-hyperons 
which decayed into charged x-mesons that are shorter than those obtained 
for Z'-hyperons that decay into protons in emulsion and for all decay modes 
in bubble chambers (*?). In this section it will be shown that these low 
measured values of the lifetimes may be attributed to statistical and system- 
atic errors in the determination of the X-hyperon energies. 

Only X*-hyperons were picked for detailed lifetime analysis. This was 
done because the %*-hyperons which decayed into protons provide information 
which may be used to determine the energies of those X*-hyperons which 
decayed into z+-mesons. Such a comparison is not available in the case of 
decaying &~-hyperons. 


21. S*+p-+n. — A total of 117 X* decays into protons have been ob- 
served from two-pronged rx stars from K~ captures at rest. Of these, 
49 were decays in flight. In 113 of these cases the decay proton came to rest 
in the stack and the X*-hyperon energy was determined from the energy and 
angle of the decay proton. In the four remaining cases the ranges of the decay 
protons were determined from ionization measurements (*). Fig. 1 is a plot 
of the range distribution of the decay protons from the 117 events. The shaded 
areas are those cases for which the X*-hyperon decayed at rest. 


(1) S. C. FREDEN, F. C. GizBEerT and R. 8. WE: Bull. Am. Phys. Soc., 3, 25 (1958). 
(2) D. A. GLaser, M. M. L. Goop and D. R. 0. Morrison: Proceedings of the 1958 

Annual International Conference on High Energy Physics at CERN (Geneva, 1958), p. 271. 
(?) P. H. FowLER and D. H. Perkins: Phil. Mag., 46, 587 (1955). 
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Fig. 2a is a plot of the energy distribution of these X*-hyperons at the 
K° capture point. Again, the shaded areas represent 2° hyperons which de- 
cayed at rest. An event marked with a « P » is a K7 capture at rest on a free 
proton. 


Number of proton secondaries 


Range (mm) 


Fig. 1. — Plot of the range distribution of the proton secondaries from the decays 
St >p+rn. The shaded area represents decays at rest. 


The lifetime for all the &"—~p decays was then calculated from the ex- 
pression 


z r x 
es) ia Pathe pate ’ 


in which t; is the time to decay for decays in flight and 7, is the moderation 
time for those which decay at rest; », is the number of decays in flight and 
n, the number of decays at rest. The lifetime thus obtained is 

= ti +14 

een (Se) LOTS 5 
which is in excellent agreement with the mean value of (8.455) 101! s obtained 
from X* decays into protons in flight and at rest in emulsions and all X* decays 
in bubble chambers (2). 
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The lifetime may also be calculated using only the decays in flight by the 
method of Maximum Likelihood (*). The best estimate of the mean lifetime 


is obtained as the maximum of the expression 


MOD: aa tv) 


(2) P(x) = 


1 


oe exp [== T;]T] 
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Z*Hyperon kinetic energy (MeV) 
Fig. 2. — Plot of the energy distribution of the ®*-hyperons. Curve (a) is for the 


E = + 1 = = 
decay mode 2* — p+7°. Curve (b) is for Et +n+x*. The shaded areas represent decays 
at rest. Events marked with a «P» are K° captures on free protons 


plotted as a function of t. 7; is the potential time. Alternately, the lifetime 
may be obtained as the solution of the expression 


< 0 cli TCP, 
(3) log P(M=Y 14 o I, 


ÔT ir Tal exp (Tic) FER 


(0) Mii BARTLETT: Phil. Mag., 44, 249 (1953); E. AMALDI: Suppl. Nuovo Cimento 
2, 253 (1955); C. FRANZINETTI and G. MORPURGO: Suppl. Nuovo Cimento, 6, 577 (1957); 
M. F. KaPLON, A. C. MELISSINOS and T. YamanouUCcHI: NYO-2621 (unpublished). 
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The statistical errors on the value of 7 obtained from eq. (2) or (3) are estimated 
from the expression 


y ti ERs Ol ea Ed 

(4) SG ee ee ee) 
: | VIE 
1 12 (1 — exp [— T,|x})*\{ 


which is asymptotically normal with zero mean and unit variance. Equation (4) 
plotted as a function of 1/7 is nearly linear in the vicinity of 7, making graph- 
ical interpolation easy. The lifetime thus obtained for the 49 &* decays 
in flight into protons is 


7 


7 = A t 18-7) . 7 (j—11 
T3+_ piflight) — (9.57 3.8) 10 S, 


which is in good agreement with the accepted lifetime of the £*-hyperon. 
Fig. 3 curve (a) is a plot of eq. (4) for these 49 events. 


| 
04 05 


Fig. 3. — Plot of S(t) from eq. (4) versus L/r. Curve (a) is the unaltered data. 
Curves (b) and (c) are for the +20% and — 20% cases respectively. Curve (d) is for 
the +20% case. 


The lifetime obtained using decays in flight and at rest (eq. (1)) is deter- 
mined primarily by the proper times of those hyperons that come to rest. 
These can be accurately determined from the hyperon ranges. The calculated 
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lifetime is insensitive to the energies of the hyperons that decay in flight. 
However, exactly the opposite is true when the lifetime is obtained only from 
the decays in flight by the method of Maximum Likelihood. This is the situa- 
tion for the X*-hyperons that decay into x*-mesons. The energies of those 
X*-hyperons that decay into x+-mesons are determined primarily by ionization 
measurements on the X*-hyperon tracks. It is therefore important to inves- 
tigate the effects on the measured 7 of statistical and systematic errors in 
the determination of the X*-hyperon energies. It is evident from eq. (2) for 
the situation where 7,;>7 that the weighting factors 1 — exp [— T;/r] ap- 
proach unity and the lifetime is primarily determined by the decay times t;. 
These are relatively insensitive to the X-hyperon energies. For the situation 
under investigation, however, the 7; < 7 and the calculated lifetime is strongly 
dependent upon the weighting factors and therefore upon the energies of the 
X*-hyperons. 

The effects of systematic errors were investigated first. We added 20% 
to the energy of each of the 49 X*-hyperons that decayed in flight into a 
proton and then subtracted 20% from each of their energies. The 20% figure 
was chosen because we find experimentally that ionization measurements, 
especially in the region under investigation (10 < g* < 20; i.e., 40 MeV > Ty > 
> 10 MeV), are subject to systematic and statistical errors of about 10%. 
At 20 MeV, an error of 10% in the measured ionization of a X-hyperon causes 
an error in its energy of 20%. When the energies were reduced by 20%, only 
32 X* decays in flight remained. The new 7, and ft, were then calculated for 
each event and eq. (4) was plotted for the two new sets of values. These are 
shown in Fig. 3 curves (b) and (c) for the +20% and — 20% cases, respectively. 
The mean lifetimes and their errors for these cases are: 


Cedo LOS ET 


Th ST 


It should be noted that the systematic error of 20% reduced the apparent 
lifetime by a factor of almost 3 and reduced the standard error by a factor 
of 10 at the lower end and a factor of 27 at the upper end. 

The effects of statistical errors were handled in a similar fashion. Half 
of the X"-hyperons were chosen at random and their energies were increased 
by 20%; the other half had their energies decreased by 20%. Eorty fr 


hyperon decays in flight remained. Equation (4) was then plotted for these 
events and is shown in Fig. 3 curve (d). The lifetime obtained is 


= fay 2. e 
T + 200% co (4.3*73)-10 Ti S, 
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which is almost two stan- 
dard deviations away from 
the accepted lifetime of 
the Y*-hyperon. To show 
that no systematic errors 
were introduced by this 
division, the halves were 
interchanged. The results 
were unchanged. 

The data of Figs. 4 
and 5 are used to help 
determine the energies of 
those X*-hyperons that 
decay into 7*-mesons and 
to select events for the 
asymmetry calculation in 
Section 5. In Fig. 4 are 
plotted the true 
between the X*-hyperons 


angles 


and their 7--meson part- 
ners, Os as a function 
of the sum of the kinetic 
energies of the two par- 


ticles, T_+T5: This is 
done for the 47 events 
where the - partners 


stopped in the stacks. The 
close grouping of events 


Fig. 5. — Plot of the sum of 
the kinetic energies of the 
X*-hyperon and its 7_-meson 
partner versus the kinetic 
energy of the 7--meson part- 
ner. The dots represent those 
events for which the true 
angle between the hyperon 
and the z-meson partner is 
greater than 110°. The cross- 
es are those events for which 
the true angle is equal to 
or less than 110°. 
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for 0». > 110° and T, + Tx >75 MeV is evidence that these events rep- 
resent cases where the X*-hyperon and its m-meson partner escaped from 
the nucleus without interacting with other nucleons. Sixty-six (+12) percent 
of the two-pronged Y*x- events fall into this category. Fig. 5 presents the same 
events as Fig. 4 with 7_+7, plotted against 7_. The dots are those events 
for which 0,5. 110° and the crosses are those events for which 0,5, < 110°. 
For those events having 0,y,>110° and 7,255 MeV, the grouping around 
T_-+Ty=87.0 MeV is quite marked. In fact the standard deviation on T,+Ty 
for any one event in that category is only +4 MeV, or 20% for a 20 MeV 
Y-hyperon. This fact will be used to help determine the energies of those X°- 
hyperons that decay into 7i*-mesons. 


29, X* >n+x*. — Although the energies of the X*-hyperons that decay 
into protons are very accurately determined from the kinematics of the decays, 
the energies of those X'-hyperons that decay into z+-mesons cannot be accu- 
rately determined for several reasons: 


1) The energies of the 7*-meson secondaries are generally very insen- 
sitive to the X*-hyperon energies. For example, at 90 degrees in the labor- 
atory system, the energy of the z+ secondary from the decay of a 20 MeV 
X*-hyperon is 88 MeV, while at 30 MeV the x*-meson energy is 87 MeV. Thus, 
even if a 7*-meson secondary stops in the stack the range straggling (& 2% 
in energy) causes a considerable error in the inferred X*-hyperon energy. 


2) Most of the z+ secondaries do not stop in the stacks. Thus their 
energies are less reliably determined from ionization measurements than 
from range. 


3) Since these Y*-hyperons have a mean energy of about 20 MeV, the 
ionizations of their tracks are near saturation (g* & 15), making the determi- 
nation of the hyperon energies by this method subject to large statistical and 
systematic errors. 


In spite of these difficulties the lifetime for the X*-hyperons that decayed 
into m+-mesons was measured by the Maximum Likelihood method. The £*- 


hyperons that decayed into 7+-mesons were separated according to charge in 
the following way: 

1) X'>-n* at rest. The ionization and the scattering indicated that 
the hyperon decayed at rest, or the m+ secondary came to rest and the kine- 
matics were consistent with a decay at rest. These events were not used in 
the lifetime calculation but were used to determine the up-down asymmetry. 
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2) X*>7n* in flight. The 7* secondary came to rest and the kinematics 
were consistent with a decay in flight or the ionization and scattering indicated 
a decay in flight and the x~ partner ended or disappeared in flight. 


3) X > in flight. The x secondary came to rest or disappeared in 
flight or the x* partner ended. Five identified x--mesons and no 7#*-mesons 
disappeared in flight, so this criterion is considered reliable to determine the 
charge of a m~-meson. 


From a total of 144 Y* decays into x* mesons, we identified 58 X* decays 
at rest, 37 X* decays in flight, and 17 4” decays in flight. The remaining 
32 X*-hyperons could not be identified with respect to charge and were not 
used in the analyses. These methods of identification may slightly bias the 
energy distribution of the identified X*-hyperons but should not affect the 
calculated lifetime. 

The energy of each of the X*-hyperons that decayed in flight into a r+- 
meson was determined by one of three methods. 


1) Kinematics of the decay were used if the energy of the r'-meson 
secondary could be determined accurately from its range of from an ionization 
measurement near the end of its range and the decay angle was such that 
the statistical uncertainty in its range could cause only a small error in the 
calculated £*-hyperon energy. 


2) Ionization was used if the dip angle, 0y,, of the hyperon track was 
less than 45° in the unprocessed emulsion and 1) above did not apply. 


3) The fact that T_+7; = 87 + 4 MeV if 0,5, > 110° and 7, > 55 MeV 
was used if the m partner came to rest and 1) or 2) above did not apply or 
if the hyperon track was too short to give reasonable statistics for the ionization 
measurement. 


The energy distribution of all the Y*-hyperons that decayed into z+-mesons 
is shown in Fig. 2b. The shaded events again represent decays at rest. The 
energy distributions for the two decay modes are statistically the same in 
spite of the method of determining the charge of the X*-hyperons that de- 
cayed into r*-mesons. Also, the mean energies for the two cases are the same, 
23 MeV. More pertinent to the lifetime calculation is the fact that for only 
the decays in flight the energy distributions are again statistically the same, 
as are the mean energies, 28 Me Va 

The lifetime for the 37 decays in flight is 


= = ry + 6.8) | qua 
TSH + lignt) — (6.0750) 10 Se 


This is in agreement with the accepted lifetime of the &*-hyperon. 
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To eliminate decays at rest we applied a cut-off, 7;—t,;= 5-107"! s, to 


the data. This eliminated all decays of X*-hyperons with energies less than 
about 24 MeV at the decay point. It should be noted that if two &*-hyperon 
decay rates exist the lifetime obtained using the cut-off data would be biased 
toward the shorter lifetime. When the cut-off was applied to the &* decays 
into m+-mesons, only ten events remained. The lifetime for these events is 


7. =O Su) al 0. ase 


—>Ttt (c.0.) 
which is the same as the value for all 2° decays in flight into 7*-mesons. This 
is additional evidence against the existence of a short-lived component. 
Again it should be emphasized that although the systematic errors in the 
determination of the energies of the £*-hyperons that decay into 7*-mesons 
appear to be negligible, the statistical errors will tend to give a low value for 
the mean lifetime. Therefore, the lifetimes calculated in this section for the 
x* decays into r*-mesons probably represent lower limits to the actual 2* 
lifetime. This consideration makes a short-lived component even less likely. 


3. — The branching ratio (X*—p-+ x9)/(X*>n+ 1°). 


As mentioned above, 117 Y*-hyperon decays into protons have been ob- 
served from two-pronged £*x- events. The probability of finding all X* decays 
from such events is taken to be 100%. The total number of X* decays into 
mt-mesons can be obtained in the following way. Fifty-eight such decays were 
observed at rest. An additional 37 X* and 17 X* decays were identified out 
of a total of 86 Y* decays in flight into 7*-mesons. Charge was determined 
either from the charge of the secondary z-meson or from that of the 7i-meson 
partner. Since the energy distributions of the x-meson partners are very sim- 
ilar for &* and Y° production in nuclei, no bias is introduced in determining 
the charge of a X-hyperon by this method. The bias introduced in the charge 
determination by looking at the decay z-mesons is negligible because the energy 
difference between the m and 7*-mesons is small (a 5 MeV) and only about 
20% of the charges were determined by this method. 

The observed ratio of X* decays in flight into x*-mesons to 2 decays in 
flight is 37/17 —2.18 5%. Therefore the number of X* decays in flight into 
r'-mesons out of the 32 2° > r* decays whose charges were not identified is 
22 + 3, giving a total of 117 2° decays into x+-mesons. The branching ratio 
is then 


e ae i NI 
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This value is in agreement with the |A7|=4 selection rule (°) and with the 
experimental results of other workers (°). 


4. — The decay mode X'->p+ y. 


We can put an upper limit on the possible decay mode X* + p +7 
from the data of Fig. 1. For such a decay at rest the proton will have an 
energy of 26.5 MeV and a range of 3.0mm in emulsion. There is no 
such candidate where 68 2* > p + x° decays at rest were observed. Thus, 
D > p+y)/(a? = p+r)<15%. In Section 3 we showed that 
(ut > p+7°)/(l* >n+x+)=1. Therefore, 


Ser eters cy 

Se DS anne 
+ SS YOUNES 2 0) 

all X* decays 


The theoretical predictions for the branching ratio (2° > p+y)/(X* > p+7°) 
vary from about 10-2 to 10-4, so that the data presented here are not incon- 
sistent with the theory (7). Considerably more data must be accumulated to 
determine the branching ratio accurately. 


5. — Up-down asymmetries. 


Since the now famous paper of LEE and YANG (8) experimenters have been 
looking for evidence of non-conservation of parity in weak interactions. Con- 
clusive evidence has been found for parity non-conservation in f£-decay (°), 
x decay, and x decay (©). The asymmetry in the decay of the A°hyperon 


(5) M. GELL-MANN and A. E. ROSENFELD: Ann. Rev. Nucl. Sci., Vol. 7 (Palo 
Alto, 1957), p. 407. . 

(6) G. A. Snow: Proceedings of the Seventh Annual Rochester Conference (New 
York, 1957), p. VIJI-14. M. Kocu, M. Nixorié, M. SCHNEEBERGER and H. WINZELER: 
private communication. 

(?) R. F. BEHRENDS: Phys. Rev., 111, 1691 (1958); P. PRAKASH and A. H. ZIMERMAN: 
Nuovo Cimento, 11, 869 (1959). » 

(@) T. D. Lee and C. N. Yane: Phys--Rev., 104, 254 (1956). 

(9) ©. S. Wu, E. AMBLER, R. W. Haywarp, D. D. Hoppes and R. P. Hupson: 
Phys. Rev., 105, 1413 (1957). 

(0) R. L. GARWIN, L. M. LEDERMAN and M. WEINRICH: Phys. Rev., 105, 1415 (1957); 
J. FRIEDMAN and V. TeLEGDI: Phys. Rev., 105, 1681 (1957); C. S. Wu: Proceedings 
of the Seventh Annual Rochester Conference (New York, 1957), p. VII-20. 
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is also now well established (1412). However, the question of parity violation 
in the decays of the X-hyperons produced by K~-mesons is inconclusive (**). 
Recent experimental work at Berkeley with x+-produced X*-hyperons shows 
parity violation in the proton decay mode of the £*-hyperons (1). 

Various emulsion groups have looked for «up-down» asymmetries in the 
decays of the charged X-hyperons produced by the capture of K°-mesons in 
emulsion. Because of the Fermi momentum of the capturing nucleon the 
produced X-hyperon and x-meson are not colinear and therefore define a plane. 
As is customary we define the normal to this production plane as Py XPrrartner 
and take = (pz x Pra) > 0 to mean «up ». 

For hyperon spin 3 and K-meson spin 0 the decay angular distribution 
has the form 


TT second iry 


W(é)dé~ (1 + «PE) dé, 


— 
OL 
2 


where P is the polarization averaged over the production angles. Integrating 
over È we get 


(6) P Nee La Nera 
ab = = = : 
HN» Na 4 


A result different from zero for «P indicates non-conservation of parity 
in the decay; however, a zero result may be due to parity conservation or 
to the lack of polarization of the decaying particles. 

Table I lists the data of this experiment separately and combined with 
previous emulsion results (!?). 

If an asymmetry exists in any of the decay modes it would be more prom- 
inent in events where the X-hyperon and the x-meson partner escape from 
the capturing nucleus without being scattered. From Fig. 4 the tight grouping 
of events for 7_{4T,-> 75 MeV and 0,y, > 110° indicates that most of these 
are examples where the X*-hyperon and the x--meson partner were unscat- 
tered in escaping from the nucleus. Column 5 of Table I gives the up-down 
ratio for these selected events and column 6 gives the value of xP for them. 


(41) E. ErsLER, R. PLANO, A. PropEL, N. Samios, M. SCHWARTZ, J. STEINBERGER, 
P. Bassi, V. BorELLI, G. PuPPI, H. TANAKA, P. WoLOScHEK, U. ZoBoLI, M. CONVERSI, 
P. FRANZINI, I. MANNELLI, R. SANTANGELO and V. SILVESTRINI: Phys. Rev., 108, 
1353 (1957). 

(*) D. A. GLASER: Proceedings of the 1958 Annual International Conference on High 
Energy Physies at CERN (Geneva, 1958), p. 267. 

(5) R. L. CooL, B. Cork, J. W. Cronin and W. A. WENZEL: Phys. Rev., 114 
912 (1959). 
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bi. I. — Up-down asymmetries in a decays of X EA 

| aN desl Nate | | Pia | 
Decay mode | yi. hl ap ae oe bi ‘ | 

| S| x : | selecte selecte 

| exper Combined | | 
xt+>p+r° | 56/56 199.5/205.5 ie — 0.03 40.14 | 38/36 0.05 £0.32 
Z*n+rt | 45/49 148/144 | + 0.03+0.16 | 33/39 — 0.17 £0.33 
Foon SOGLIE CAE 07 EN 


The results indicate that «P is not statistically different from zero for any 
of the decay modes. The work of CooL et al. shows an asymmetry in the 
proton decay mode of ax°P= 0.70 + 0.30 for X*-hyperons produced by inter- 
action of 1.0 GeV x* mesons with protons (1%). The most logical way to ex- 
plain the discrepancy between this work and theirs is that the X-hyperons 
produced by K~ captures at rest in emulsion are unpolarized. 


6. — Conclusions. 


1) From 117 X* decays in flight and at rest into protons the calculated 
mean lifetime is Ty+ em = (8-5211)-10-1! s. This is in excellent agreement with 
the accepted lifetime, 7 = (8.426) -10-!! s, obtained from emulsions and bubble 
chambers. Using the 49 decays in flight only and the method of Maximum 
Likelihood the measured lifetime is 


= er, F Dee ELA 
T y+ spitlight) — (9.57 ORE 


2) Systematic and statistical errors in the determination of the hyperon 
energies were found to change significantly the lifetime calculated from the 
decays in flight only. A systematic change of +20% in the energies of the 
49 X*-hyperons that decayed in flight into protons yielded the lifetime 
T,20g, = (3. 315:1)-10-11 8: For a —20% systematic error the lifetime is 
990, = (13.7293) 10711 8. A +20% error applied to half of the events and 
— 20% to the other half to simulate statistical errors gives a lifetime 
TA (432%) 10 4. 


20% 


3) The lifetime obtained from 37 x* decays in flight into x*-mesons is 
— (6.0+58)-10-11 s. Using a cut-off of 5-10-1!s the lifetime becomes 
(6.8t2)-10-1! s. These values are evidence against a short-lived 


Trtmtflight) 
Trt nteeo.) = 
component for the eee 

4) The branching ratio (2° > p-+7°) JE >n+7n+)=1.00 + 0.09, which 
is in agreement with the |A7|= selection rule and with the results of other 


workers. 
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5) No X* decay via the mode X2*->p+y was observed in 68 
xt >p+r° decays at rest. Thus we place an upper limit on the branching 
ratio (2° = py) ales) 07500: 


6) No up-down asymmetries were observed. Combining our data with 
the previous results yields the following values for the asymmetry parameters: 
oP — — 0.03 £0.14, atP = 0.03 £0.16, «P =— 0.14 + 0.75. The superscripts 
refer to the charges of the decay 7-mesons. 


We wish to thank Dr. Harry HECKMAN for setting up the separated 
K -meson beam. We appreciate the co-operation of Dr. E. J. LOFGREN and 
the Bevatron crew. Our thanks go to Mrs. BARBARA ALLEN, Miss PATRICIA 
BANKS, Mrs. IRENE Brown, Mrs. Lois BUTTON, Miss CLAUDIA CRANE, 
Mrs. THEODORA HILLIARD, Mrs. MARGARET JEPSON, Mrs. BEVERLY LAGISS, 
Mrs. Emiry Muskopr, Mrs. MARTHA SINGLETON, Mrs. CLARICE SISEMORE, 
Mrs. Nanoy STRATTON, Mrs. SOPHIE WARD, and Mrs. ELIZABETH WILSON for 
locating the events and for taking measurements. 


RIASSUNTO (*) 


Si sono studiati gli iperoni Y prodotti dalla cattura di mesoni K~ nelle emul- 
sioni nucleari. È stata misurata la vita media degli iperoni =~ che decadono in 
protoni o mesoni rt. Per i decadimenti in protoni usando 117 decadimenti a riposo 
ed in volo, troviamo T5r+piutty = 8-5111-10-1! s. Usando solo i 49 decadimenti in 
volo ed il metodo di massima probabilità, Tx+.pin vio = 9-51!8:7-10-11 s. Per questi 
decadimenti la vita calcolata dipende fortemente dalle energie misurate degli iperoni Y. 
Gli errori sia statistici che sistematici tendono ad abbassare la vita media misurata. 
La vita media calcolata da 37 decadimenti in volo a mesoni xt è 734.24 Gin yoo) =6-0125- 
-10*11$ e non cambia sensibilmente se si usa un cut-off di 5-10-1! s. Non si hanno 
prove di un componente a vita breve. Si sono trovati i seguenti rapporti di branching: 

2S paar? LEA 


== 100 = OW) G B= ZII. 
De ru 2 (Hat D = 5% 


Si sono misurati i valori dei parametri di asimmetria. In combinazione con i dati 
precedenti si trova che sono a°P = — 0.03 40.14, «+P = 0.03 40.16 e a P = — 0.14 40.75. 
Gli indici superiori si riferiscono alle cariche dei mesoni x di decadimento. 


(*) Traduzione a cura della Redazione. 
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On the Grain Density in Ilford G-5 Emulsion 
of Singly Charged Relativistic Particles. 


B. JONGEJANS 


Natuurkundig Laboratorium, Universiteit van Amsterdam - Amsterdam 


(ricevuto il 29 Dicembre 1959) 


Summary. — The grain density in nuclear emulsion has been deter- 
mined as a function of the value of (y — 1) of the particle producing 
the track. Values of the parameter (y — 1) between 0.8 and 10% were 
taken into consideration. The nummer of blobs per unit length has been 
directly determined. Transformation of blob density into grain density has 
been carried out. Care has been taken to relate all determinations to each 
other, a constant scale of reference being found in pions of momentum be- 
tween 5.2 and 5.7 GeV/c. The results are in agreement with the theory given 
by Sternheimer. The value (501-8) eV was used for the ionization 
potential of AgBr in the present work. This value was taken from BARKAS. 
The cut-off energy consequently determined is 100 keV. It is shown 
that the results are not very sensitive to this last value. 


1. — Introduction. 


The theory of the energy loss of charged particles in matter has been initiated 
by BOHR ('), and extended later on by others. The density effect has been 
first calculated by FERMI (?), and later on e.g. by STERNHEIMER (*) and BUDINI 
et al. (4). The subject was thoroughly reviewed by PRICE (5) to whom we 
refer for literature prior to 1955. 

From the publications on this subject that have appeared after this year 


(1) N. BoHR: Phil. Mag., 25, 10 (1913). 

) E. FERMI: Phys. Rev., 57, 485 (1940). 

) R. M. STERNHEIMER: a) Phys. Rev., 88, 851 (1952); b) 89, 1148 (1953); c) 91, 
1953); d) 93, 351 (1953); e) 98, 1434 (1953); f) 103, 511 (1956). 

) P. Bupini: Nuovo Cimento, 10, 236 (1953); P. Bupini and L. TAFFARA: 
o Cimento, 4, 23 (1956). 

) B. T. PRICE: Rep. Prog. in Phys., 18, 52 (1955). 


40 - Jl Nuovo Cimento. 
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we quote SHAPIRO (5), KEPLER et al. (7), ALEXANDER et al. (3), LANOU et al. (°). 

Increasing interest in, and more ready availability of high energy particles 
made the question of the restricted energy loss (energy losses smaller than 7, 
per incidental collision) in the relativistic region appear worth-while another 
investigation. 

The theories currently employed, require at least two not precisely known 
quantities, the mean ionization potential I and the cut-off energy 7. 

In producing curves from these theories for numerical data one is faced 
with a lack of unanimity regarding these constants. This is easily understood 
because these constants have only a limited influence on the restricted energy 
loss and the role of one can be partly fulfilled by the other. The mean ioniza- 
tion potential J in nuclear emulsion was recently accurately determined by 
BARKAS (1) from range determinations. His value for I is used. The theoret- 
ical predictions and the experimental verifications (5) show that the variation 
in average restricted energy loss in nuclear emulsion does not exceed 15% 
when y> 2.5 (y?=1/(1—*), where f is the velocity of the traversing particle 
that produces a track in the emulsion). 

Therefore it has been tried to obtain an accuracy of 1% in each determi- 
nation of the relative energy loss (the quotient of two energy losses). 

Tests of the human factor involved in the measurements revealed that a 
higher accuracy seems unattainable. Beside this, economy of manpower be- 
gins to play a role when more is required from the method of counting blobs 
with the human eye. The results reported here comprise 2-person-years of 
work for the gathering of raw data alone. It was assumed in conformity with 
the theoretical expectation that restricted energy loss of singly charged par- 
ticles only depends on the velocity of the traversing particle. This assumption 
is in accordance with our experimental findings. 


2. — Theory. 


21. Adopted formulas. — For the average rate of restricted energy loss of 
singly charged particles in emulsion we adopted the following formula as given 
by STERNHEIMER (°°). 


(1) L (=) _ 270M) e* N 2me?- TB? 
o\0x}]n  omp*e? I*(1— #2) 


p°— o(p) 


(9) M. M. SHaPIRo: Hand. d. Phys., 45, 342 (1958). 
1 (7) R. G. KEPLER, ©. A. D’AnpLAU, W. B. FRETTER and L. F. Hansen: Nuovo 
Cimento, 70, 71 (1958). 
(5) G. ALEXANDER and R. H. W. JoHnston: Nuovo Cimento, 5, 363 (DIO 5708 
(9?) R. E. Lanovu and H. L. KRAYBILL: Phys. Rev., 113, 657 (1959) 
(10) W. H. BARKAS: Nuovo Cimento, 8, 201 (1958). 
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The left hand side is the average rate of energy loss per g cm ? whereby 
the individual energy loss does not exceed in any act the amount 7,. As we 
have to compare energy losses relative to the energy loss of a particle with 
known f, we are not interested in the constant 27 e*/ome?. 

In this investigation this particle was a pion of momentum between 5.2 
and 5.7 GeV/c, taken from a beam and referred to as beam pion. 

The remaining entities are: me? the rest mass energy of the electron, I the 
mean ionization potential for AgBr taken as (501 + 8) eV according to BAR- 
KAS (1°) and 6(6) a correction coming from the so called density effect. 

The quantity 6(f) is defined by (*): 


Ler 
(2) 0(B) = zl in (* } ve, 
tl is found from: 
1 le 

è pot Zap 
where 

— Vi 
“i Re 
dì L=(v%i+f)?, 


The denominator of (4) is the plasma frequency », of the medium. The 
energies hy; are determined in the following manner. A mean ionization value 
1, is) defined by: 


(6) ed A Re 


As a first approximation for hy, is taken the ionization energy of the i-th 
shell, for f; is taken the occupation number of the i-th shell divided by the 
atomic number Z. This value of 7, is compared with the experimental deter- 
mined value J from range measurements. In this first approximation these 
two values are not equal. As a second approximation the frequencies »v, are 
all multiplied by a constant factor so as to make J,, and J equal. It is argued 
by STERNHEIMER that the best values v; to be inserted in (2) to (5) are those 
that make J,, and J equal. 

The development of the term 6(f) has been greatly simplified by the ana- 
lytical approximation given by STERNHEIMER (“*). These expressions are ac- 
curate up to the order that is met in experimental situations. 
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According to STERNHEIMER (**), formula (1) can be written: 
Hi CE A È p \ m 
a = B+0.69— B? — C +InT,(MeV)—a (x — log Li | 
(Ta) 0 0x |r, =| ) [ Î oil 1 V1 —p? ? 
if 
MOK Mog = ee AN 
È p? 
(7b) Wels Lip | 0.69 — B?— C+ In T, (MeV)], 
0% |r, = Fi 
if 
5 
Mia 
/ 2 
V1 — BP? 
/ 5 
(Te) : E = a | + 0.69 — B° + In T, (MeV) + 4.606 (toe eli: ) , 
010% |r, P? «VARI: 
if 
10100 ous na BU 
Va pe 
The values of the constants are seen from Table I. 
TABLE 1. — Constants for formula (7). 
| A | B 0) | a AEs m AG 
(I/Z)xggr= 9.2 eV | 0.0668 i 5.14 0.160 3 3.18 0.10 
(I/Z)xga;=14-0 eV | 0.0671 | 14.25 5.95 0.0235 | 4 4.03 0.30 


Two series of constants are given, relying on two experimental sources. 
Apart from A, the constant are dimensionless, A in units MeV/gem=?. A is 
not of direct interest for blob counting. 

We took (I/Z),,,,= (12.1 + 0.2) eV and applied an interpolation between 
the results of (7) for the upper row constants and the lower row constants. 
For 7, several values were inserted as will be clear from the following. 


22. Discussion of the formulas. — The average rate of restricted energy 
loss discussed in the preceding chapter must be connected to an observable 
quantity. In our opinion the best suited one for emulsion is the grain density. 
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Most authors assume a linear relationship between grain density and average 
rate of restricted energy loss. 

In absence of a rigorous treatment we also adopt the linear relationship 
between grain density and average rate of restricted energy loss. We then 
have for the grain density g: 


270M, e4 2me*- Tip? 
= n — 
me? p> [?(1 — B?) 


(8) (=O B° — o(B) 


The factor Q varies with what is commonly called the degree of develop- 
ment. We investigated how far our experimental results come up to con- 
clusions from (8). 

We have the feeling that a theoretical justification of the linear relationship 
is lacking a detailed understanding of the various processes involved. Too 
many unknown features play a role in the different steps leading to grain 
formation. 

Some calculations have been performed e.g. by BETHE (!) who computed 
how the total energy loss is made up between the different modes of excitation. 
These calculations however cannot be easily extended to the process of grain 
formation. Recently the problem has also been formulated by BARKAS (12?) 
who suggests to introduce a relative efficiency for energy utilization. 

Our results in emulsion can be represented by the curve (8), using three 
constants J, Q and 7). 

One usually gets rid of Q by taking only relative grain densities g*, i.e. the 
quotient of two grain densities. The question arises how 7, and J determine 
the shape of the curve. When é(6) can be neglected, i.e. in the low energy 
side of the « trough » only the constant In (7,/1?) matters; when B is exactly 1 
the behaviour of ¢(f) is such, that I is eliminated from the factor between 
square brackets of (8), but 7, is not. In principle one has a method to deter- 
mine 7, and J independently from ionization measurements. One has to ana- 
lyse the low energy side of the « trough» and to measure the plateau value, 
or in other words the position of the minimum and the depth of the « trough » 
determine 7, and I. In practice however g* from (8) varies not more than a 
few percent if one chooses pairs 7, and J from reasonable intervals, 
T, (2 keV —100 keV) (**) and I (377 eV —574 eV) (***) for AgBr. On the other 
hand the experimental accuracy will scarcely be better than one percent and 
therefore a large spread in the actual values of 7, and J can be expected. 

Measurements of range also yields values of the mean ionization potential J. 


(1) H. Berne: Handbuch der Physik Quantentheorie, (Berlin, 1933), pag. 519. 
(2) W. H. BarKas: UCRL - 4687. 
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It was thought of help to fix one of the constants in this way, the more 
as I is used in computing ¢(f). Unfortunately there exists an uncertainty as 
to the exact value of J. 

We took the data of BARKAS (1). 

It was decided to compare the results with the average restricted energy 
loss in AgBr only, a convention usually adopted. We expect that the influence 
of gelatine upon the experimental results can be neglected at present. 

It was found e.g. that the experimental points could also be fitted by a 
curve pertaining to constants from the nuclear emulsion (J = 331 eV) and 
this certainly means an overestimate of the influence of the gelatine. 

The constant 7, appearing from our measurements (100 keV) differs from 
what was formerly expected ((2 +5) keV) (*). This last energy corresponds to a 
range of a 3-ray about equal to the silverhalide crystal (*) size. No explana- 
tion is given. 


3. — Experiment. 


31. Technique. — Details of the experimental conditions at exposure have 
been published before (1°). The stack (AF stack) consisted of 80 pellicles 
G-5 emulsion (20x20x4.8) em?. 

Inspection of Fig. 13 of reference (5) shows that great experimental care 
has to be taken to assure reproducible and physically significant results. We 
shall now pay some attention to this matter. 

The tracks essential to the research reported here consist of: 


1) Pions, secondaries of beam pions, stopping in the emulsion, 1.8< y< 2.5. 
2) Secondary pions from interactions induced by pions of 3), y & 3.5. 
3) Pion tracks 36.8 < VECI RL 
4) Electron pairs, 65<y< 1100. 
This assembly of tracks might not have all advantages one could desire, it 
certainly has the physical important benefit of being created nearly at one 


instant (exposure time 7 hours). 
Fading is not expected because the stack has been developed directly after 


() We want to make a distinction between the undeveloped silverhalide crystals 
with mean diameter 0.30 um and a visible grain of 0.60 um. For the first we use 
the word crystal, for the latter grain. 

(8) D. J. HoLtHUIZEN and B. JONGEJANS: Suppl. Nuovo Cimento, 14, 429 (1959). 
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the Bevatron exposure at Berkeley, at any rate it would equally effect all 
tracks. All measurements of blob counts were performed with a magnification 
of 6100. The identification of the pions of group 3 required careful selection 
because of the electron pairs, which were nearly parallel to them. 

A casual misinterpretation of a muon as pion would not give a momentum 
change of influence. Electrons quickly loose their energy due to radiation 
losses in traversing emulsion. The procedure adopted was to follow a pre- 
sumed beam pion over 4 cm; if the track had not suffered a deviation larger 
than 1 degree or had formed an obvious interaction of the expected energy, 
the track was assumed to be a beam pion. The pions of group 2 were identified 
by the combination of pf and b (blob density) measured on them. The meas- 
urements did not allow another choice than a pion if we exclude that muons 
are created in the primary interaction. 

The identification of the electrons was performed by tracing them through 
the emulsion till they could not be followed further due to their excessive scat- 
tering and low ionization. The identity of the pions of group 1 was seen from 
their decay. 

Besides blob counting and identifying, energy measurements had to be per- 
formed. The energy of the beam pions was known from the conditions at 
exposure. The calculations were confirmed by relative scattering measure- 
ments on a Koristka MS 2 microscope using cell sizes of 500, 1000 and 1500 um. 
(See also FOWLER et al. (11), the beam described by them was also used in our 
experiment). The scattering measurements on the secondary pions (group 2) 
and the electrons (group 4) are described in detail in Section 3'2. The energy 
of the secondary pions (group 1) has been determined from range measure- 
ments. The range-energy curve of BARKAS et al. (**) has been used, no cor- 
rection for density was applied. The over-all-density of the emulsion was 
determined after the exposure and found to be (3.83+0.03) g cm-3. The error 
results from the determination of the volume of the stack. The uncertainty 
from this source was thought less than the straggling error. The treatment 
of the data from this source is outlined in Section 33. 

The problem of uniform development of different sites in one plate, and 
of different plates among each other, was faced by mapping the tracks of inter- 
est in regions of (1x1) cm? per plate. The quotient of the grain density of 
the tracks and the grain density of beam pions in the same region of one 
square centimeter is reported. Every blob density of the beam pions used for 


mee 


(14) W. B. FowLEeR, W. M. PoweLL and J. I. SHonLE: Nuovo Cimento, il 2129 
(1959). 

(5) W. H. Barxas, P. H. Barrett, P. Curr, H. Heckman, F. M. SMITH and 
H. K. TrcHo: Nuovo Cimento, 8, 185 (1958). 


Usi 


63200 B. JONGEJANS 


reference was determined with a statistical accuracy coming from 10* blobs. 
The variation found in the different plates is shown in Fig. 1. 
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Fig. 1. — Fluctuation of b in AF Stack. Histogram of occurrence of blob density 

(b=number of blobs per 100 um) of beam pions in different regions cf plates. Each 

entry pertaining to this experiment was measured with an accuracy coming from 10* 

blobs. Some earlier data of preliminary measurements of b relying on 2-10? blobs are 

also included. The observed spread reflects influence of observer, statistics and region- 
ally unequal development. 


32. Energy determination by scattering. — The usual procedure, selecting 


two appropriate cell sizes, was followed. Noise elimination was performed; 
the variation of the scattering constant with cell size was taken into account. 
To the value of pfe obtained in this way an error was assigned following DI 
CORATO et al. (19). The ratio of D.,/D, was always larger than 2. The scat- 
tering constants, K(s, 6) slowly varying with cell size and velocity B, are taken 


from Voyvopic (!°). To be sure that the absolute values given there apply 


(5) M. Dr Corato, B. LocareLLI and D. HIRSCHBERG: Suppl. Nuovo Cimento, 
4, 448 (1956). 


(1?) L. Voyvopic: Prog. in Cosmic Ray Phys., 2, 219 a.f. (1954). 
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to our circumstances, an independent check was made. To this end was de- 
termined the multiple Coulomb scattering of positive ions stopping in the 
emulsion. These measurements were performed at a range between 2.5 and 
10 cm. These measurements yielded a scattering constant for the specific com- 
bination of 6 and cell size s. With our method two scattering constants be- 
longing to two values of s are needed to obtain pfe. From standard theory 
it can be easily derived that 

(100x277)? 


2 a 2 S DIN i ST ae 1 ; ANT de 17216 ,3 
(9) Dee (815 8) — Dal) (360)? (= [K7(s,, 6)si — K°(s:, B}s2] , 


where pfe is in MeV, D..(s,, 6) the mean of the experimental observed second 
differences in um, s is the cell size in units of 100 um and K(s,, f) is the seat- 
tering constant in MeV :degree/1/100 um. 

As a first approximation we assumed the variation of K being given by. 
the curve of reference (17). Thus we expressed K(s,, 8) in terms of K(s,, 8) 
and have then a one to one correspondence between X and pe. The results 


of the calibration are given in Table IT. 


TABLE 2. — Calibration of the scattering constant. 


100 um 200 um 


| K(s, 0.72)measured 
La! 1.033 +0.027 
| K(s, 0.72)theor. | 


1.018 +0.037 | 0.989 +0.052 


The value of 0.72 for 6 has to be understood as the mean of the sample 
of pions. We concluded that our experiment guaranteed the use of the theoret- 
ical curves (*). 

When the determination of the multiple Coulomb scattering of the electrons 
was completed they were grouped in samples each containing approximately 
102 blobs. In this way the horizontal lines in Fig. 4a for the electron data 
y > 65 have to be understood. They are not indicative for the error in electron 
momentum (= 15%) but stand for the range of admitted momenta. Theory 
predicts and experiment shows that this is useful in our case. 

The errors in the pion momenta (group 2) come from scattering statistics: 
15%. The multiple Coulomb scattering of the pions was determined twice 
to eliminate gross errors and this wa#-also the case with some of the electrons. 
Of those electrons of high energy that were traced some centimeters the scat- 
tering data were combined to prove their mutual correctness. 


(*) Our thanks are due to D. J. HoLTHUIZEN who guided and largely performed the 
calibration of the scattering constant. 
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All data were compatible with an absorption length L— 3 em from 
(10) H, = H, exp [— 2/L], 


where Æ, is the energy of the electron having traversed # cm emulsion and 
E, the initial energy of the electron. 


3°3. The reduction of data depending on the range. — Two pions were selected 
for the purpose of having points on the low energy side of the « trough ». 
Of one the blob density was counted between 15 and 10 cm range, while the 
other was investigated between 23 and 10 cm range. This last pion crossed 
the stack diagonally. The ranges were measured along straights of the track. 
A correction was applied for the non-visibility of the pion track in the surface 
and bottom layers. This correction was found by comparing steeply dipping 
black tracks with the pion track. These pion tracks largely determine the 
value of 7, as can be seen from Fig. 4a. 

We used the data of ALEXANDER et al. (°) to relate the grain density g; of 
the pion with range À, to the grain density that would correspond to a range 
on 12.5'cm if 10 em< R;< 15 em or to a range of 19 em Gt 1b em Roia 
< 23 cm. 

In short this method amounts to averaging the data taking into account 
the slightly non-linear relationship between grain density and range in this 
region. For the error in the range due to straggling we took 2.6% (18) and 
assigned this value to the resulting point. 


34. Conversion of blobs to grains. — For the conversion of blobs to grains, 
measurements of the distribution of gaps in tracks had to be performed. These 
data were analysed using: 


(11) P(z) = C exp [— 2/w] dz, 


P(z) the probability of occurrence of a gap with length between + and 2+de, 
w is the mean gap length and © a normalization constant. 
From (11) it is easily seen that 


(12) w= w,— 1 
and 
UE l 
(13) VG DG (- + i) exp [— L/w]. 


where w, is the mean length of the gaps with length larger than | and X 1 18 
the total gap length of gaps larger than 1. From the measured gap length distri- 


(18) W. Hl. Barxas-and D. M. Younes UCR. 2579: 
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bution of a specific track, w has been deduced in three ways using (11)-(13). 
From w we calculated g, the grain density, employing 


l 

(122) Jr 
WHt x 

where « stands for a quantity directly related to the diameter of the AgBr 

crystal. For x we took the mean diameter of the crystals 0.30 um. The same 

track that was used in gap length measurements yielded a value for b, the 


blob density, that is related to the other quantities by 


— (a — x + &) 


9 


(15) D g.exp 


20 


where a is the grain diameter and « is a correction for the limited resolution 
of the optical apparatus. This procedure is essentially the same as that of 
ALEXANDER et al. (8). Other calculation schemes have been proposed, their 
results are however practically equal in the region where they are used here. 
We want to emphasize that the relative blob density (the quotient of two 
blob densities) does not coincide with the relative grain density (the quotient 
of two grain densities) as is seen from the preceding formulas. This fact has 
not always been taken into account. The difference between the relative blob 
density and relative grain density was always below 2%. The value for 
(a—x+e) was (0.50 +0.10) um, the uncertainty in this constant gave rise 
to a variation in relative grain density of at most 0.2%. 


85. Gradient of development. — To determine this effect each plate was 
divided in 9 sections parallel to the glass. Each section was approximately 


1200 

1190 2 
E 
[©] 
d 

180 8 
5 
Q 
Air Emulsion Gloss 

Fig. 2. — Gradient of development in_AF Stack. Measured blob density b (number 


of blobs per 100 um) as a function of depth in emulsion. The emulsion was divided 

in 9 equisized layers. No absolute dimensions are given on the abscissa because the 

thickness of the emulsion varied 5+10% over long periods of time even though the 

room where our plates are stored and used was controlled as to humidity and tem- 

perature. The vertical lines indicate an estimated error from statistics; in each group 
between 2-104 and 4-104 blobs were counted. 
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30 um thick. From some plates chosen at random the blob density of the 
beam pions in every section was determined. The results averaged per section 
are shown in Fig. 2 and warrant the conclusion of constant development with 
depth, except for the section closest to air. 

The measurements were therefore restricted to the eight levels 2 to 9, that 
were considered to be uniform. Only in one case this restriction was lifted, 
but there the measurements were calibrated with beam pions that were also 
entirely confined to section 1. 


3°6. Prevention of errors. — With this we have in mind errors that can arise 
from wrong reading, counting and/or calculating. To minimize effects of this 
kind all measurements 
were done twice. Du- 
Ay ring the second run 
the results of the first 
run were concealed for 
the observer. 

For the final results 
ist the mean of both runs 
has been taken, unless 
one run showed an 
obvious mistake, in 
which case it was 
ignored. This method 
of repeating allowed 
us to have an idea 
about the dependence 


(=) 
T 


Occurrence of variation per 1% 


AT of the results on dif- 
SF ferent persons perform- 
ing the measurements 
| and on one person 
acting at different ti- 
: | | a mes. Our findings can 
CE 0 2 0 2 4 6 8 10 be summarized as fol- 
Fig. 3. — Histogram of occurrence of deviations in rela- lows: 
tive grain density. The difference between the second 
and first determination is given. The deviation is posi- a) Direct readings 
tive when the second determination yields a higher value of blob density for one 


than the first one. person from time to 


time can vary by a few 
percent. In one instance a specific trend of 3% was noticed in the decision 
of one person. 
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b) The spread in the relative grain densities when the measurements 
were done twice is shown in Fig. 3. From this figure one sees that it will be 
hard to obtain results in grain counting substantially better than 1%. No 
significant difference was observed for the combinations AA, BB or BA, there- 
fore all pairs of data are given in one figure. It has to be understood that AA 
means person A redetermining a relative grain count that had been previously 
done by person A. 


3°7. Assignment of errors. — The uncertainties in the energy values have 
been explained already. The error in the relative grain density requires special 
attention. 

It is natural to assume that a statistical error is present. As a first approx- 
imation we took for the value of the statistical error (SE) (1°): 


(16) §H == 2210. 
N 


It must be kept in mind that this relation is phenomenological and may 
require adaption for every special case. 

Since for every energy group the grain density of the reference point was 
measured from more blobs than the grain density of the group of tracks, we 
can take for N, the total number of blobs of the tracks determining the point, 
in order to compute the SZ in g*. 

Secondly, since every point in Fig. 4a was made up of measurements on 
n tracks or part of tracks (n varied between 3 and 16) we were in the posi- 
tion to calculate the spread in the measurements. From the different deter- 
mination we calculated the standard deviation (SD) from the mean given by: 


# (Os) 
(eG) SIDE (> Ae ang } 


i=1 


The value of g* is the mean value of gf inserted in Fig. 4a, g; is the value 
as deduced from one of the » determinations. The results are compared in 
Table III. 

As was shown in Section 3'6, the determination of g and consequently of g* 
is also influenced by a personal factor. When the measurements were con- 
cluded it was decided to attempt a qualitative estimate for the value of the 
error in g*. 


(9) M. TEUCHER: Ergebnisse der Exakten Naturwissenschaften, 28, 407 (1955): 
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TABLE 3. — Statistical error and Standard deviation for the various energies. 
| VV) Stat. Error (%) Stand. Deviat. (%) 
a | Ro | | 
0.81 | 0.5 | 0.8 
1.10 | 0.6 | 0.6 
2.04 | 1.0 | 1.6 
3.26 0.8 170 
40 | = | = (0) | 
65 100 0.9 | kg 
100-- 150 ON 0.8 
150— 200 0.9 1.9 
200— 300 | 0.6 | 1.0 
350+ 500 | 0.8 1.8 
600- 850 1.0 | 1.0 
850 —1100 | 0.6 | 1.5 
| 
(*) Normalization point. | 
The standard deviation is drawn in fig. 4. 


To this end it was assumed that the electron data (y — 1> 65) belonged 
to one specific value of g*. From these electrons those measurements were 
selected that came from electron tracks with a length 0.8< I< 1.2 em, cor- 
responding with a number of blobs 1700 < N,< 2200. From this sample we 
analysed the variance o,. (*). Two samples were obtained, one from the first. 
run and one from the second run. Each sample contained 26 units. We as- 
sumed the following relation 


(18) (Ceo E 


where o,,, stands for the variance due to the imperfect counting procedure; 
for o,. we obtained 3%, o,., could be deduced in comparing data from the 
first and second run, o,,,=1.6%. 

When it is assumed in analogy with (16) o,,,= (a/V.N,)% we find for a 
~120, since the mean of N, for the sample is 1970. Fluctuations in the 
values of o may be expected because only three determinations were available. 
Nevertheless they may be of help in estimating errors in blob counting on an 
accuracy level of a few percent. The errors may be summarized as follows: 
when we count on a track 2000 blobs, and these are compared with another 
10* blobs of reference tracks, we are still left with a probability 4, of classifying 
the track of interest with a g* differing 3% from its true value. 


() Our thanks are due to Mr. J. TH. RUNNENBURG (Mathematisch Centrum 
Amsterdam) for discussion on this subject. 
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4. — Results. 


The result of the work described above, after having made the appropriate 
corrections is best summarized in Fig. 4a. The three curves represent for- 
mula (8) with T, 20, 100 and 500 keV respectively. The abscissa is expressed 
in GUAY 1e CIA the kinetic energy of the traversing particle divided by 
its restmass energy. All curves are normalized at the point of the beam pions. 
This fact clearly brings out the variations in the different curves. To obtain 
an objective choice for the best value of 7,, the method of the least squares 
was applied. The best fit yielded 7,= 100 keV. 


LR Lo 
1150 Ty 100 keV 
spews i 20 PN 
1100 
1050 — i ones na 


1000 


090017 Lul (on tit ES Pazzi i clous 
Vi- B2 


Fig. 4a. — Relative grain density versus kinetic energy divided by rest mass energy. 

The errors in energy loss are standard deviations taken from Table II. The horizontal 

bars are explained in the text. Three curves are drawn to show variation of theory 

with the parameter 7,. All curves are normalized at the calibration point of the 
beam pions. 


In order to agree with the convention of ALEXANDER et al. (*), the best 
curve is redrawn in Fig. 4b, the lowest value of the «trough» being normal- 
ized to 1. 
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(19) > ca Cael De 501 eV)]? ? 


with 7, can be seen in Fig. 5. The sum is meant over the experimental points. 


mass 


DE i 
Ul 
Ht 


Fig. 4b. — Relative grain density versus kinetic energy divided by rest mass energy. 

Only the curve best fitting our experimental results is shown. It represents for- 

mula (8) with 7=(501-+8) eV and 7=100 keV. In order to join previous publications 
the curve is normalized at 1.000 for the minimum value. 


The value 7 —100 keV is not critical, we have the feeling that 40 keV 
would be too low, 200 keV too high. Beside the theoretical curves for 
Ig, = 501 eV, which we prefer to others, we also drew curves for I,,.,= 
= 317 eV (1/Z = 9.2 eV) (“) and I,..,= 574 eV (1/Z=14.0 eV) (”). From thege 
curves we also made a least squares adjustment to our experimental points. 
The relevant values of (19) are also shown in Fig. 5. It is easily understood 
from inspection of this figure, why widely varying values for 7, are found in 
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Verses i al Saag 40 
the literature. The discussion Il TT 
of energy loss data does not “| ar NE 5010 
ne 7 M I E Nese I=57% eV 
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T, or I. A maladjustment of an I 
one parameter can be partly 4 
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4 | 
] 
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I and as function of 7,. The sum = J 
is extended over all measured 8 A. 
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— The agreement between theory and exper- 


4'1. Discussion of the results. 
of T =100 keV differs somewhat from those 


iment is reasonable. The value 
of ALEXANDER et al. (5) and other authors (2°71), possible reasons have been 


mentioned. 
It seems that a remarkable agreement exists about the ratio plateau to 


minimum; we find 


Sues 109 0.010 - 


Gminimum 


This value can be compared e.g. with 1.133 + 0.008 of ALEXANDER et al. (8) 


and 1.14 + 0.03 of STILLER et al. (2°). 
FLEMING et al. (22) find for b,mcauUminimum = 1-13 which we interpret as 

— 1.14 with an error estimated as 1%. From MICHAELIS et al. (23) 

- 0.010 making a correction from blobs to 


(aio 


we deduced 9, ;stezr/Imivimum = 1-097 = 


STILLER and M. M. SHAPIRO: Phys. Rev., 92, 735 (1953). 


(2) B. 

(21) L. JaunEAU and J. TREMBLEY: Suppl. Nuovo Cimento, 1, 230 (1955). 
(22) J. R. Fremine and J. J. Lorp: Phys. Rev., 92, 511 (1953). 

(23) R. P. Micwartis and C. E. Viorer: Phys. Rev., 90, 723 (1953). 


41 - Il Nuovo Cimento. 
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grains. Former measurements gave somewhat lower values for the plateau/min- 
imum ratio. To base the discussion on a same footing we compare in Table IV 
the different values of 7, which we deduced from 9,iacau/Jminimm 200 relying on 
TI 501 eV. 


Tage 4. — Comparison of some values of Ty as explained in the text. 

Author Goi! rain To(keV) 
ADEXANDER eb Gl) (6) EE 1.133 +0.008 70 
Suomi CHU) E 1.14 +0.03 | 40 
pan ci GE) © & o 6 o « 1.14 +0.01 40 
MICRAEIISA Zar (ED) 5 56 56 4 1.097 +0.010 500 
IBVESONibe WOL Kwa acumen dee samel ale 1.128 +0.010 | 100 


Of course it has to be kept in mind that this ratio reflects only one aspect 
of the «trough » and that a detailed analysis requires more data. 

As a further conclusion from our work we want to mention the persisting 
rise of energy loss for y higher than 40. This is an essential feature of the theory 
taking into account several dispersion frequencies. The assignment of only 
one characteristic frequency to the electrons of the medium would give a 
quicker rise to the plateau value. 

It is hoped that the curve given in Fig. 4b will be ori future use. A word 
of warning may be added. The experimental precautions needed to observe 
the small differences of energy loss reported in G-5 emulsion may be very time 
consuming. 


This work is part of the research program of the Institution for Funda- 
mental Research of Matter (F.O.M.) financially supported by the Netherlands 
Organization for Pure Scientific Research (Z.W.0.). The author is indebted 
to Dr. E. J. LOFGREN and the Bevatron crew for the facilities provided at 
the Bevatron. 

It is a pleasure to thank Prof. Dr. G. W. RATHENAU for his constant inter- 
est and encouragement and the creation of a beneficial atmosphere. Thanks 
are due to Mr. A. G. TENNER and Mr. F. ARTMANN for helpful criticism and 
to Mr. D. J. HOLTHUIZEN with whom the salient features of this work were 
discussed in detail. 

The work heavily leaned on the basic measurements performed by Mrs. A. 
Revs and Mrs. E. G. KoEK-TIPPMANN. The collaboration of the other scan- 
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ners of the Amsterdam Emulsion Group is appreciated. Mr. T. J. vAN DER 
LINDE performed the greater part of the computations, the calculational aid 
of Mr. A. D. SASTRADIWIRIA is gratefully acknowledged. 


RIASSUNTO (*) 


Si è determinata la densità dei grani nella emulsione nucleare come funzione del 
valore del (y — 1) della particella che genera la traccia. Si sono presi in considerazione 
valori del parametro (y — 1) fra 0.8 e 10%. Il numero di blobs per unità di lunghezza 
è stato determinato direttamente. Si è eseguito il passaggio dalla densità dei blobs 
alla densità dei grani. Si è avuto cura di confrontare tutte le determinazioni fra di loro 
per mezzo di una scala costante di riferimento formata dai pioni di impulso compreso fra 
5.2 e 5.7 GeV/c. I risultati concordano con la teoria formulata da Sternheimer. Nel pre- 
sente lavoro per il potenziale di ionizzazione dell’AgBr si è usato il valore (501-8) eV. 
Questo valore è stato preso dai lavori di BARKAS. L'energia di taglio determinata in 
conseguenza è 100 keV. Si dimostra che i risultati non risentono molto delle varia- 
zioni di questa ultima quantità. 


(*) Traduzione a cura della Redazione. 
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The Energy Spectrum of Nuclei 
with Charge Z>6 in the Primary Cosmic Radiation. 


Tata Institute of Fundamental Research - Bombay 


(ricevuto il 4 Gennaio 1960) 


Summary. — The «knock-on electron » technique has been employed to 
determine the energy spectrum of nuclei with charge 7 > 6 in the primary 
cosmic radiation. In this technique the energy per nucleon of a heavy 
primary cosmic ray nucleus is determined by measuring the angles of 
emission and the energies of electrons which the nucleus « knocks on » 
in elastic collisions along its path in traversing nuclear emulsion. Since 
the energies of the knock-on electrons are relatively small (< 100 MeV 
in this experiment), they can be measured with precision by the method 
of multiple Coulomb scattering. The conditions for reliable estimation 
of primary energy have been determined and the reliability of the method 
verified by comparison with results obtained by other methods. The 
charges and energies of the particles have been determined in the fol- 
lowing two ways: (i) for particles which are arrested in the emulsion, 
from measurements of range and 3-ray density; (ii) for particles which 
do not stop, from measurements of 5-ray density and of the energies 
and the angles of emission of the fast knock-on electrons; in the few 
cases where the particle slowed down in traversing the stack, the variation 
of S-ray density along the track was determined. Measurements were 
made on 291 tracks obtained in a stack flown from Iowa, (A=53° N), 
at 113 000 ft. for four hours on March 13, 1956. 206 of these tracks were 
due to particles with charge Z >6. The exponent of the integral energy 
spectrum of the medium (6<Z<9) group of nuclei has been obtained 
as 1.65+0.27 in the energy range 0.23 to 9 GeV/nucleon and that of the 
heavy (Z>10) group of nuclei as 1.82+0.59 in the energy interval 0.41 
to 9 GeV/nucleon. The exponent for the S-group of nuclei (Z>6) is 
then 1.784+0.24. The geomagnetic cut-off energy at 2—54.5° N has been 
estimated to be 230 MeV/nucleon. The values of the flux of M and 
H-nuclei were found to be 10.7+1.0 and 5.30.7 particles/m? s sr, respec- 
tively (on March 13, 1956). A comparison of these values with those 
obtained in other experiments shows that a Forbush type of decrease 
had taken place in the intensity of the heavy nuclei, similar to that 
observed by McDonald in the «-particle flux on the same flight; neutron 
monitors on ground had also recorded a Forbush decrease at the same time. 


(*) Now at the University of Minnesota, U.S.A. 
(**) Now at the University of Rochester, U.S.A. 
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1. — Introduction. 


In this paper we describe an experiment which we have carried out in this 
laboratory to determine the energy spectra of the medium (6 < Z% <9) and 
heavy (Z > 10) groups of nuclei of the primary cosmic radiation. For this 
we have used a technique different from those hitherto employed in this type 
of work. We have determined the energies of the heavy primary nuclei by 
the « knock-on electron » method, which may be described briefly in the fol- 
lowing terms. In traversing nuclear emulsions, these nuclei make elastic col- 
lisions with the electrons of the medium. The energies of these knock-on 
electrons are relatively small and may, therefore, be determined with pre- 
cision by the method of multiple Coulomb scattering. The energy per nucleon 
of the primary particle can then be evaluated from a knowledge of the angles 
of emission and the energies of the knock-on electrons. The knock-on electron 
method has been employed in the past for other types of experiments, for 
example, to determine the masses of mesons photographed in Wilson, chambers 
(LEPRINCE-RINGUET et al. (+2)), to measure the cross-section for the production 
of fast knock-on electrons by u-mesons in nuclear emulsions (KANNANGARA 
et al. (?)) and in attempts to determine the masses of minimum ionizing par- 
ticles in nuclear emulsions (CAMERINI and FOWLER (*) and DE MARCO et al (°)). 

In this investigation, we have established the conditions under which the 
primary energy can be estimated reliably by this technique. It is shown that 
the estimate of primary energy determined under these conditions agrees well 
with those obtained by other established methods. The frequency of knock-on 
electrons for primary particles of charge Z < 2 is too small to permit system- 
atic measurements of energies, whereas for primary particles of charge Z >5 
the frequency if sufficient for systematic measurements. Therefore, the method 
is of particular value in determinations of the energies, and thereby the energy 
spectra, of heavy nuclei with charge Z > 6 in the primary cosmic radiation. 

The energy spectra of these nuclei, (Z > 6), have been measured by the 
nuclear emulsion technique alone. The methods used so far are based on 
measurements of ionization-residual range, ionization-multiple scattering and 
the study of nuclear interactions which lead to the breakup of the primary 
nuclei into «-particle fragments. Measurements of ionization and of range 
can be used to determine the charge and energy of the particle accurately. 


(1) L. Leprince-RINGUET, S. GORODETZKY, E. NAGEOTTE and R. RicHarD-For: 
Phys. Rev., 59, 460 (1941); Journ. Phys. et Rad., 2, 63 (1941). 

(2) L. LEPRINCE-RINGUET and M. LafRITIER: Compt. Rend., 219, 618 (1944); 
Journ. Phys. et Rad., 7, 65 (1946). 

(3) M. L. T. Kananeara and M. Zivgovio: Phil. Mag., 44, 797 (1953). 

(4) U. CAmERINI and P. H. FowLER: unpublished. 

(3) A. De Marco, A. Milone and M. REINHARZ: Nuovo Cimento, 1, 1041 (1955). 
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However, this is applicable only over a small region in the low energy end of 
the sai (KAPLON et al. (6)). For measurements of multiple Coulomb scat- 
tering, very flat tracks are necessary to overcome the effect of spurious scat- 
tering (Biswas et al. (**)). This technique has been used by FOWLER and 
WADDINGTON (°) for x-particles in the energy range (1.8 + 3.0) GeV/nucleon. The 
flux of nuclei of Z > 6 is smaller by a factor of about ten and, therefore, emul- 
sion stacks used so far have been usually too small to accumulate enough tracks 
of sufficient length for the determination of the energy spectrum by this 
technique. When a heavy nucleus breaks up into three or more «-particles 
(and other fragments), a measurement of the average opening angle of the 
a-particles, or of the relative scattering between the «-particles, provides a 
method for estimating the primary energy (5). This method is, in general, 
applicable only to nuclei of energy >3 GeV/nucleon. Also, these measurements 
can be made only on a small fraction of the primary particles since the process 
is rather infrequent. (About 25% of the interactions of the heavy (Z > 10) 
group of nuclei and about 5% of that of the medium (6<Z< 9) group of 
nuclei lead to three or more fragments of Z > 2). 

An indirect method has also been used to determine the energy spectra of pri- 
mary heavy nuclei. In this, the magnetic field of the earth, which causes different 
cut-off rigidities to exist at different latitudes, has been used as an energy 
selector. In order to determine the energy spectra from measurements of the 
vertical flux at different latitudes, vertical cut-off energies given by the dipole 
approximation of the earth’s magnetic field have been used. Since it has been 
shown (11%) that the dipole approximation is seriously in error, the above 
method, as employed, is fraught with difficulties. Moreover, the variation of 
the flux of «particles and heavy nuclei with solar activity (1417) introduces ad- 
ditional difficulties. 


(5) M. F. KapLon, B. PETERS, H. L. ReyNozps and D. M. Ritson: Phys. Rev., 
2 952). 
5. Biswas, B. PETERS and Rama: Proc. Ind. Acad. Sci., A 44, 154 (1955). 
B 
5 
®) P. H. FowLER and C. J. Wappineron: Phil. Mag., 1, 637 (1956). 


1648 (1956). 


(11) C. J. WADDINGTON: Nuovo Cimento, 3, 930 (1956). 

(12) P. RorHweLL: Phil. Mag., 3, 961 (1958). 

(13) P. ROTHWELL and J. J. QuenBr: Suppl. Nuovo Cimento, 8, 249 (1958). 
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At the time this experiment was started last year, there was no direct 
determination of the energy spectrum of the M-group and there were only 
two experiments each on the energy spectra of the H and the S-group (91819). 
Furthermore, there were considerations put forward by SINGER (?), on the 
basis of flux measurements at different geomagnetic latitudes, that the dif- 
ferent components of the primary cosmic radiation may have different energy 
spectra. This obviously has an important bearing on the question of the origin 
and propagation of cosmic radiation. It was, therefore, considered worth-while 
to make a direct measurement of the energy spectra of the M and H-groups 
of nuclei using the same method in both cases. We used the ionization-range 
method for slow particles and the knock-on electron method for the faster 
ones. From these measurements we have obtained the energy spectra of 
M-nuclei and H-nuclei in the energy range 0.23 to 9 GeV/nucleon. This range 
of energy is considerably greater than any over which measurements have 
been reported hitherto; the spectrum starts right at the geomagnetic cut-off 
value and there is a factor of 40 between the lowest and highest energy points. 


2. — Determination of primary energy by the « knock-on electron» method. 


2°1. Method. — The energy per nucleon of the primary heavy nucleus can 
be determined from measurements of the angle of emission and the energy of 
the knock-on electron by using the relation: 


2(2— 1 
(1) Ye —1— “eus 
1 + y; tg? o 
or 
eee 3} 
Vols wee ’ 


where y, = total energy per nucleon of the primary nucleus in units of nucleon 
rest mass, y, = total energy of the knock-on electron in units of electron rest 
mass and = angle of emission of the knock-on, electron with respect to the 
direction of the primary particle. (The rest mass of the electron is neglected 
compared to that of the nucleon in the above.) 


(18) C. J. WADDINGTON: Nuovo Cimento, 5, 737 (1957). 

(19) R. Custer, A. DEBENEDETTI, C. M. Gare Li, B. Quassiati, L. TALLONE and 
M. Vicone: Nuovo Cimento, 7, 371 (1958). 

(29) S. F. SINGER: Progress in Elementary Particles and Cosmic Ray Physics, vol. 4 
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Relation (1) is shown 
ia Wise 
plot. It may be 
that, for a given angle ©, 
the energy of the electron 
increases almost linearly 
with increase in the pri- 
mary energy up to a cer- 
tain point; beyond this its 
energy is more or less in- 
sensitive to the primary 
energy. Thus, for a given 
angle wm, measurements of 
the energy of the electron 
can yield a reliable esti- 
mate of the 


on a log-log 
seen. 


Se 


I 10 100 
Electron energy (Y e-1) 


Fig. 1. — Relation between the energy of the primary 
particle, (y, — 1), and the energy of the knock-on elec- 
tron, (y.—1), for various angles of emission (w). The 
dotted line represents the limit of significant measu- 
rement of the primary energy as considered by us. 
(y, — 1) = kinetic energy per nucleon of the primary 
nucleus in units of nucleon rest mass. (y, — 1) = kinetic 
energy of the electron in units of electron rest mass. 


1000 


primary 
es, energy up to à certain 
point; beyond this, à 
small error in the deter- 
mination of the energy of 
the electron will cause à 
very large error in the 
estimate of the primary 
energy so as to render the 
information almost use- 
less. The limit of signi- 


ficant measurement as considered by us is shown by the dotted line in Fig. 1, 


which corresponds to a slope of 1.5. 
For reliable estimation of the pri- 
mary energy the measured value of 
the energy of the electron should 
lie below the dotted line. Clearly, 
for each value of the primary 
energy there is a « maximum use- 
ful» angle. A plot of the « max- 
imum useful» angle (@,..) of the 
knock-electron vs. primary energy 
is shown in Fig. 2 


ae 


Fig. 2. — The maximum useful angle 
of the knock-on electron (@pax) as a 
function of primary energy, (y, —1). 
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primary energy. — The error on the 
primary energy, y,, can be ob- 
tained from the relation 


Calculation of error on the 


by ( 


i (DR Oye 2 old? 
SEME) 
Vp Ve 0) 


where 


The functions f, and f, are plotted 
against (y, — 1) for different values 
of the angle © in Figs. 3a and 35; 
measurements of the energy of 
the electron and its angle of emis- 
sion were made under optimum 
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Fig. 3a. — The function f, used for the cal- 

culation of errors on the primary energy, 

plotted against electron energy, (y,—1), for 
different values of the angle ow. 


conditions such that the error on each is minimum. These conditions, as well 
as the details concerning f, and f, and the calculation of error on the primary 


energy, are given in Appendix I. 
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Fig. 3b. — The function f, used for the calculation of errors on the primary energy, 
plotted against electron energy, (y. — 1), for different values of the angle ©. 
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23. Frequency of useful knock-on electrons. — The number of electrons of 
kinetic energy between W and W+dW, which are elastically scattered by a 
primary nucleus of charge Ze and velocity fe, is given by the transcribed Mott 
formula (2): 


2anZ*et AW 
m?p?e? W? 


i ALII A 
: 2 si Metz ope nai | > Be \m.e/[|? 


(3) dN(Waw) = 


where » is the number of electrons per cm?’ of the medium. 
The number of knock-on, electrons with energy between (y,—1),,,,m.@ and 
(y.—1) na M6 is obtained from the above relation. (For a given primary 
energy y,, the energies of the 
100 electrons emitted at the max- 
imum useful angle ©,na (as given 
in Fig. 2) and at an angle @=0 
10 | are (yA), candele 
respectively.) The first term 
of (3) gives: 


14 KZ? , 3 tg? max 


vale ta 
33 Die 


where the value of the constant 
K is 0.521/em for Ilford G-5 
emulsion. Higher order terms 
are important for primary ener- 
gies above 1 GeV/nucleon and 
have been taken into account. 
In Fig. 4 is plotted the fre- 
quency of useful knock-on elec- 
trons with angles of emission 


N° of useful knock-on electrons/ cm 
Sì 
T 


up to @,,,., a8 a function of 
10 L 1 DI ni A RO * 

or 5 n n the primary energy for various 

Primary energy, (Yp-1) nuclei; these values have been 

Fig. 4. — The frequency of useful knock-on calculated using equation (3). 

electrons as a function of the primary energy The frequency of knock-on, 

for various nuclei. electrons increases rapidly with 


(©!) H. L. Brapr and B. Peters: Phys. Rev., 74, 1828 (1948). 
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increasing charge of the primary nuclei. In a stack where an average track length 
of (10--15) cm is available, the frequency is adequate for energy measurements 
to be carried out on almost all particles of charge Z > 6, which do not inter- 
act and which are not brought to rest. The upper limit for measurement of 
energy is pushed up with increasing average track length. However, since 
the interaction mean free paths in emulsion for M-nuclei and H-nuclei are 
~ 13 em and ~ 10 em respectively, a stack in which the average track length 
is greater than these does not help much in pushing up the upper limit. 

It may be noted that Fig. 4 showd the theoretical number of useful knock-on 
electrons. The actual number will be less because some of the knock-on electrons 
will not be suitable for measurements owing to unfavourable geometry. 


2°4. Verification of the results of the knock-on electron method. — The relia- 
bility of the knock-on electron method for determination of the primary energy 
has been verified as follows: 


a) Determination of the energy of a primary particle 
from several knock-on electrons which it gives rise to: A few 
tracks with sufficiently long lengths in the stack, and due to nuclei with charge 
Z > 6, were scanned for several knock-on electrons and the primary energy 
was calculated from measurements on each of these. Some examples are shown 
in Table I(a). It can be seen that the various determinations agree among 


TABLE la. — Comparison of the various estimates of primary energy obtained from meas- 
urements on several knock-on electrons. 


| | i 
Tac _ Angle of emission Energy of the | Primary 
| | of the electron (0°) electron (y,—1) | energy y» 
| — — | —== 
| H 29 5.9 +0.9 | 108.5 +8.8 11.5 +2.8 
| 6.6 0.6 84.0 +6.9 9.9 LS 
| 9.0+0.3 58.3 +8.6 10. 6a 16d 
16.7 40.8 | 20.3 +2.0 | LIRA 
| H 17 | 7.9+0.5 | 39.0 +2.3 5.7 +0.4 
| 10.5+0.4 | 32.5 42.2 63 20.6 
15.005 | 22.7 +2.9 | 8.2 +3.0 
| 22.4 +1.9 12.0 +1.3 | > 6 
| H 921 Ira 3.75+0.75 | 1.87+0.28 
20.5+4.9 is 1.78+0.36 1.47 +0.15 
26.3 +2.7 2.20 +0.57 | 1.70 +0.30 
Dey fen Vest eae 2.40 40.46 | 1.79 +0.27 
| Ve 1: kinetic energy of the electron in units of electron rest mass. 
| total energy per nucleon of the primary nucleus in units of nucleon rest mass. 


Vp? 
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themselves within the errors of measurements. It can also be seen that, on 
the average, the error increases with the increase in the angle of emission of 
the knock-on electron. 


b) Comparison of the estimates of primary energy as ob- 
tained from knock-on electrons and from multiple scattering 
measurements: We selected all tracks of length >2cm per emulsion, 
for which the primary energy as determined from at least two suitable knock-on 
electrons was less than — 1 GeV/nucleon; such a selection was made to mini- 
mize the effects of spurious scattering present in nuclear emulsions (75). Direct 
scattering measurements were made on these tracks using cell sizes 0.5, I 
or 2 mm so that the ratio of signal to spurious scattering was more than ~ 2. 
The value of the scattering constant used was that calculated by FITCHEL 
and FRIEDLANDER (22) for heavy nuclei. The results shown in Table I(b) indi- 
cate good agreement between the two methods. 


TBLE Ib. — Comparison of the estimates of primary energy obtained from knock-on electrons 
and direct scattering measwrements. 


Primary energy, y, | 

+ | or 5 PE TASSA rn | 

Track no. From knock-on electrons Prom direct | 

sa ERA values | wig hted men Beek | 
H 242 ae ae 2.144097 1.88 20.13 

H 735 139-2041 | | Lorene Ù ca bi 

H 785 n, | | He RL 1.60 +0.05 E 

on Hed Ei i da ss | 

H 894 | eae 1.69 +0.14 | 1.79+0.12 | 

Te 00 


c) Comparison of the estimates of the energies of protons 

i È 
of ~3 GeV as obtained from knock-on electrons and from rela- 
tive scattering measurements: ‘We obtained knock-on electrons emit- 


(22) €. Fiourez and M. W. FRIEDLANDER: Nuovo Cimento, 10, 1032 (1958). 
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ted at angles <19° on tracks of ~3 GeV protons recorded in an emulsion 


exposed in the Brookhaven cosmotron beam. 


The energies of the protons as 


measured by the knock-on electron method and by relative scattering (5) are 


shown in Table I(c). 


results obtained by the two methods. 


Tt is seen that there is good agreement between the 


Taste Te. — Comparison of the estimates of the energy of protons (of —3 GeV) from 


Primary energy, y, | 
AT Angle of i i = = oe | 
| ah. or emission of ATE de | from knock-on electrons 
| electron “he clocron the e ee | -. \ Om 
| no. 0 Ven i relative 
| i | | individual weighted ae e 
| values mean LT 
1 6.0+1.0 16.8 +4.2 3.23 £0.43 
2 14.2+0.8 10.9+1.8 3.26 £0.46 
ia ca eye 3.21+0.26 | 3.53-+0.21 
3 16.6 1.4 9.4+1.§ 3.12+0.61 
4 19.2+1.9 8.0+2.0 | 3.10+0.82 


These results indicate that a reliable determination of the primary energy 
can be made in the energy region 0.3 to 10 GeV/nucleon by the knock-on 
electron method when electrons which satisfy the conditions given in Sect. 21 
are selected. 


25. Sources of uncertainty. — The sources of uncertainty which may lead 
to wrong values of the primary energy are enumerated below: 
a) Large angle elastic scattering of the electron within ~ 10 ym of its 
origin. 
b) Large loss of energy by the electron in bremsstrahlung processes 
within ~ 10 um of its origin. 


Accidental background electron originating from the track. 


Be 


Energy loss of the electron by ionization. 


Scattering of the electron in the same atom from which it originates. 


d 


Se 


Change in the direction of the electron due to its orbital motion in, 
the atom. 


h 


Most of these have been discussed earlier by DE MARCO et al. (°). 
The effect of uncertainties arising from d), e) and f) can be shown to be 
very small and, hence, the uncertainty in the results mainly arises from a), b) 
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and c). In the present experiment the uncertainty due to a), b) and c) taken 
together has been evaluated from a statistical analysis of the measurements 
on about 500 knock-on electrons and is given in Appendix II. It was found 
that —10% of the knock-on electrons gave wrong values of the primary 
energy. This uncertainty was overcome by measuring two or more knock-on 
electrons on each heavy primary track. 


3. — Experimental procedure for measurements on heavy primary tracks. 


31. The emulsion stack and exposure. — An emulsion stack consisting of 
30 Ilford G-5 stripped emulsions, each of dimensions 15 em x 15 em x 0.06 em 
was flown from Iowa (geomagnetic latitude 2 = 53° N) on 13th March, 1956; 
it floated at an altitude of 113000 ft (6.1 g/em? of residual air) for 4 hours 
| and 40 minutes. The emul- 


120 sion surfaces were flown ver- 
5 tical and the packing used 


6 5 : 7 
[ 110 was mainly bakelite of thick- 
8 | ness 0.3 g/em?. The flight 
‘a 2 roc curve is shown in Fig. 5. 
& 
@ È 8 2. Procedure of selection 
2 E = 
3 1995 of tracks. — The two out- 
È Launched from Jowa, © E 3 
à e) side emulsions were scanned 
on 13 March 1956 a x ; : 
Sol De 180 à for heavy primary tracks 
È of ascent 632 FPM S which satisfied the following 
= criteria: 
=) Ae) Ss 
50 
a) Ionization greater 


60 than that of a rela- 
tivistic Be nucleus. 


enne 


1000 1200 1400 1600 
Central standard time 


100 
b) Projected track lenght 


ae, 3 > 1.8 mm/plate. 
Fig. 5. — Time-altitude curve for the balloon flight. n 


e) Zenith angle <60°. 


Tracks satisfying these conditions were followed through successive emul- 
sions to see whether the particles producing them came to rest, interacted or 
passed out of the stack. (1 em from each of the vertical processed edges and 
5em from the lower horizontal processed edge were left out of the scanning 


area.) 


Only tracks satisfying the following criteria were selected for charge and 
energy determinations: 
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a’) d-ray density in the first emulsion > 2.8/100 um. (Our values of 5-ray 
density for tracks of relativistic boron and carbon nuclei are 2.4 
and 3.2/100 um, respectively.) 


b') Projected length in the first emulsion > 2 mm. 
c') Zenith angle < 45°. 


d') Track length before interaction, if the particle interacted in flight, 
> 4 em. 


e') Length in the stack > 4 em, if the particle passed out of the stack. 
f') Length in the stack > 5 mm, if the particle came to rest. 


In an area of 223.4 em?, 280 tracks were found to satisfy the above se- 
lection criteria. 

Some additional area was scanned for nuclei of Z > 10. The scanning cri- 
teria were the same as before except that the ionization in the first emulsion 
had to be equal to or greater than that of a relativistic fluorine nucleus and 
the projected length in the first plate > 1.5 mm. Out of 21 tracks obtained, 
11 were found to be due to nuclei of Z > 10. Only these 11 tracks were in- 
cluded in the analysis. 

The scanning efficiency was determined by a second observer who rescanned 
135 em? of the same area using the same conditions, viz. a), b) and c); the 
scanning efficiency for tracks satisfying a’) b') and c') was found to be 95%. 


3°3. Measurements of charge and of energy. — Charge and energy deter- 
minations were carried out by one of the following methods: a) for particles 
which were brought to rest in the emulsion, measurements were made of range 
and of 3-ray density; 6) for particles which did not stop in the stack but 
showed a large visible change in ionization, the variation of d-ray density 
along the track was measured; c) for the remaining tracks, the d-ray density 
was measured and the energy per nucleon determined by the knock-on, electron 
method. 

All 3-ray density measurements were made by one observer. For tracks 
with S-ray density less than 6/100 um, the standard convention of counting 
all S-rays with four or more grains was used. For tracks of higher 3-ray den- 
sity, a «long range » convention was used. These conventions as well as the 
procedure used for obtaining a calibration curve of 3-ray density os. charge 
are given in Appendix III. 

a) Charge and energy determination for particles stopping 


in the stack: Measurements of 3-ray density and of range were made to 
determine the charge and energy of particles stopping in the stack. Curves 
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of range vs. kinetic energy were plotted for the most abundant isotope of each 
charge Z from 2 to 26. These curves were calculated from the range-energy 
relation for protons in G-5 emulsion as given by BARKAS (23). Curves of d-ray 
density (N,) vs. kinetic energy were also plotted for various values of charge Z, 
using the relation N, = aZ?/f?+b; the values of a and b were obtained from 
S-ray density calibration curves (Appendix ITT). From these two sets of curves 
a plot of N,/100 um vs. range (g/em?) for different charges was obtained. Two 
sets of curves were obtained corresponding to the two conventions employed 
for counting of d-rays. These sets of curves were used for the determination 
of the charge and energy of stopping particles. 


b) Charge and energy determinations from variations of 
S-ray density along the track: A small fraction of the primary par- 
ticles which passed through the stack, or interacted after traversing 4 cm, 
showed a large visible change (more than 30 to 40%) in 3-ray density between 
the two extremities of the track. In these cases, it was found that the knock-on 
electrons emitted were of such low energy that, even if their tracks were flat 
at the beginning, they became steep after a short distance (— 70 um), be- 
cause of the very high multiple scattering, and were thus unsuitable for meas- 
urements. For such particles the variation of d-ray density along the track 
was used to determine the charge and energy. 


c) Charge and energy determinations by measurements on 
knock-on eleetrons: The energy per nucleon of heavy primary nuclei 
passing through the stack or interacting in the stack after a length of 4 em 
was obtained from measurements on knock-on electrons as discussed in Sect. 2. 
These heavy primary tracks were scanned under a magnification of 100 X 15 
for tracks of knock-on electrons. A track at minimum ionization originating 
from the primary track was accepted as due to a knock-on electron, after it was 
carefully checked by two observers. The general procedure was to scan the 
entire track length and note down all tracks of knock-on electrons with angles 
of emission < 30°. For acceptance, a knock-on electron track had to satisfy 
the following conditions: a) dip angle less than 20°, and 6) the length of the 
electron track had to be such that at least about (10 +15) independent cells 
were available for multiple scattering measurements. (When an electron suf- 
fered a large angle scattering, the measurement of multiple scattering was 
generally confined to the length up to that point; if it was found that there 
was no significant loss of energy of the electron at the point of large angle 
scattering, the track-length beyond this was also used for measurements.) 
On each track at least two knock-on electrons (within the useful angle) were 


(23) W. H. BARKAS: Nuovo Cimento, 8, 201 (1958). 
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measured, and from each of these the primary energy y, was evaluated. These 
two values of the primary energy had to be consistent with each other within 
two standard deviations; details of this are discussed in Appendix IT. If the 
two values were inconsistent, measurements were made on a third « useful » 
knock-on electron and the value of the primary energy was again calculated. 
It was found that this value of y, was in agreement with that obtained from 
either the first or the second knock-on electron. The final value of the primary 
energy was obtained from the weighted mean of the two estimated values 
which were consistent with each other. 

For primary energies less than ~ 5 GeV/nucleon it was possible to obtain 
on each track at least two knock-on electrons within the useful angle since 
the mean available track length in the stack is — 10 cm. For primary par- 
ticles of energy between ~ 5 to 10 GeV/nucleon, two knock-on electrons were 
obtained on some tracks, while for others only one knock-on electron was 
available within the useful angle. In these cases, the second knock-on electron 
track outside the useful angle was measured but yielded a value of primary 
energy with large errors. This value had to be consistent with that obtained 
from the first knock-on electron. For particles with energy above 10 GeV/nu- 
cleon, both knock-on, electrons gave only lower limits to the value of pri 
mary energy; these were got from the lower limits for the angles of emission 
and the energies of the electrons. 

The charge of each primary nucleus was obtained from the sets of curves 
of N,/100 um vs. kinetic energy per nucleon for various charge values. 

The number of particles analysed by the above three methods is given 


below: 
(a) N;/100 um and residual range. . . . . . . . . 78 particles 
(b) Variation of Nz/100 um along the track . . . . 15 particles 
(ce) Knock-on electrons and WN;3/100 um . . . . . . 198 particles 
Th 3 5 à à à 0600 ooo tot O particle 


34. Energy of particles at the top of the atmosphere. - From the measured 
energy of the particle inside the stack, its energy at the entrance point was 
obtained using the range-energy relation in emulsion. Next, using the range- 
energy relation in air, the energy of each particle at the top of the atmosphere 
was obtained from the amount of air (and packing material) traversed by it 
before entering the stack; (since the amount of packing material was small 
and it was-composed of light material#mainly bakelite—it was directly added 
to the amount of air traversed by the particle). In extrapolating the energy 
of particle to the top of the atmosphere it was assumed that no loss of charge 
occured in the air above the stack. This condition is satisfied by the majority 
of particles of charge Z > 6, since the stack was exposed at very high altitude. 


42 - Il Nuovo Cimento. 
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4, — Results and discussion. 


41. Charge spectrum. — Measurements of charge and of energy were made 
on 291 tracks which satisfied the selection criteria given in Section 3'2. The 
charge spectrum of these particles is shown in Fig. 6. 136 and 70 of the above 
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Fig. 6. — The charge spectrum of heavy nuclei at flight altitude. The shaded part 


represents the eleven additional tracks with charge Z>10 (mentioned in Sect. 3°2). 


particles were identified as belonging to the medium and heavy group of nuclei 
respectively; the charge resolution obtained is good enough to reliably group 
them in this manner. 


42. Energy spectra. — The number of particles of the M and H groups 
observed in the various energy intervals is shown in Table II. In addition, 
11 particles of the H-group were observed in the energy interval 0.28 to 
0.41 GeV/nucleon. These are not included in the Table, since particles of high 
atomic number in this group will not be observed in this energy interval 
owing to absorption in the overlying matter. (At the flight altitude, the min- 
imum energy required by a nucleus with charge Z=26 to penetrate the 
overlying matter is 410 MeV/nucleon and that required by a nucleus with 
charge Z = 8 is 230 MeV/nucleon.) The observed numbers shown in Table IT 
were then corrected to take into account those particles which interacted in 
the stack before traversing 4 em. For this correction, each track was assigned 
a weight exp [f/A]; in this, R is the actual (measured) range in the stack for 
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stopping particles of range R<4cm and R=4cm for all the remaining 
tracks; 2 is the interaction mean free path in emulsion of the group to which 
the partiele belongs. The numbers were then corrected for particles which 
traversed the stack during the ascent of the balloon. The corrected numbers 
are also shown in the Table. 


TABLE II. — Energy distribution of M and H nuclei. 


| | | | 
Kinetic energy in- | 0.23 +|0.41 ~|0.70 —|0.83 ~|0.99 ~|1.34 ~/2.11-|3.3~ |5.0 | 
gy | 


| o | |> 9.0 
terval (GeV/nucleon) : 0.41 -0.70| = 0.83 0/09] =1:34/=2.11/-3.30| =5.0|=9.0 | i 
Do Oh particles C|iMe|20 720,17 115. (21 (do. 10 | 5 7 | 
observed |- Di E = | —— 
H | 13 9 | 13 5 AVI 4 1 1 
| | | | 
9.4 | Der 


No. of particles cor- M | 24.2 | 26.6 | 22.8 | 20.1 | 28.2 | 25:5 | 13.4 | 6.7 
rected for inter- | | 


actions MEL EI |) ae 


| 
No. of particles cor- | M | 22.9 | 23.1 | 21.6 | 19.0 | 26.1 | 23.1 12.1 | 6.0 | 8. 
rected for inter- | |__| |- -|— n È — _____ 


or 
bo 


actions and ascent H | 15.8.9). 126401920073, es 410228 I 


The integral energy spectrum can be represented by the relation: 


gi sa Cc 
(5) ri rn 
where N = the number of particles above an energy H, E = the kinetic energy 
expressed in GeV/nucleon, and C=a constant. The best value of the ex- 
ponent «m » and its error, in an integral plot, cannot be calculated directly 
by the usual statistical methods, since the various points on such a plot are 
strongly correlated. Hence, to obtain the best value of «m» and its error 
we have used the differential energy spectrum. In Fig. 7, is shown the differ- 
ential energy spectrum of the M-group of nuclei for the energy interval 0.23 
to 9 GeV/nucleon and of the H-group of nuclei for the energy interval 0.41 
to 9 GeV/nucleon. A «least square fit » to this data gives the exponent (m+1) 
as 2.65 + 0.27 for M-nuclei and 2.82 + 0.59 for H-nuclei. The errors quoted 
are standard deviations on the least square fit lines. We have taken the value 
of «m » and its error in the integral plot to be the same as that obtained from the 
differential spectrum. The values of the exponent «m » of the integral energy 
spectra of M and H groups (Fig. 8) are thus 1.65 + 0.27 and 1.82 + 0.59 
respectively. 
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It can be shown in the following way that the above values of «m» and 
its error give a correct representation of the integral energy spectra. One can 
fit a line directly to 
the integral energy 
spectrum considering 
only two flux values 


2 with reasonable stati- 
aos stics and having a 
= minimum correlation. 
CRE If we adopt this pro- 
ne i cedure, then the values 
E of «m » in the integral 
o energy spectra of M 
2 [ and H nuclei are ob- 
onl tained as 1.72 + 0.26 
0 ak and 1.74+ 0.48 respec- 

tively. (For M-nuclei 

0. 


10 the flux values for 
energies >0.23 GeV /nu- 
cleon and >5.0 GeV/nu- 

Fig. 7. — Differential energy spectra of M-nuclei (6< Z <9), cleon, and for H-nuclei 

H-nuclei (7 >10) and S-nuclei (Z > 6). 


2 
1 2 5 10 
1+E, (E= Kinetic energy in GeV/Nucleon ) 


the flux values for ener- 
gies >0.41 GeV/nucleon, 
and 2.11 GeV/nucleon were used.) The errors quoted are the extreme limits 
of the slope. These values of «m » and their errors are consistent with the 
values 1.65 + 0.27 and 


1.82 + 0.59 obtained [ani 
from the differential F 
spectra L M-Group H-Group 
The results indicate ui 
pi , A 10.0 
that, within experi- a 
mental errors, the M = 
and H groups of nuclei a m=1.82 
n 
have the same ex- “E 
ponent. Therefore, we *S 
; QUEI 
have combined the data £ La 
of the M and H groups & 
x 
È 
Fig. 8. — Integral energy 0.1 
spectra of M-nuclei, H- 1 È 5 en eur 1 
at 1 2 5 10 = 


nuclei and S-nuclei. SIA 
Do ii *E (E= Kinetic energy in GeV/ Nucleon) 
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and obtained the exponent «m» for S-nuclei (Z > 6) as 1.78 +0.24, over 
the energy range 0.23 to 9 GeV/nucleon. (The number of H-nuclei in the 
energy interval 0.23 to 0.41 GeV/nucleon was obtained by assuming that the 
slope of the integral spectrum of H-nuclei between 0.23 to 0.41 GeV/nucleon is 
the same as that between 0.41 and 9 GeV/nucleon.) The differential and integral 
energy spectra of S-nuclei are also shown in Figs. 7 and 8 respectively. 

The values of the exponent «m» of the integral energy spectra of «-par- 
ticles, M-nuclei and H-nuclei obtained by various investigators by direct energy 
determinations are summarized in Table IIT. In most of the previous exper- 


Tape III. — Results of various direct determinations of the integral energy spectra of 
nuclei of charge Z > 2. 


| Kinetic Exponent «m » of the integral energy 
| energy spectra of various charge % S 
Authors Ref. Method | ae a No Bodo di 
| (GeV/nu- LALA 
cleon) x | M H S 
| | 
Opening angle of | 
APLON et al. | (5) | x-fragments and 3.0 +20.0 | 1.35+0.15 
relative scattering | (77) 
)WLER and (9) | Multiple scattering INS YO OOS) | 
appineron| € (O) | | 
ADDINGTON | (18) | Multiple scattering [1.8 --3.0 |1.70-40.20 1.20 +0.30 
(150) | (52) 
| 
i È Cerenkov-scintillation 0.28 +0.88 1.40 10.20 
| ) counter telescope (~ 500) | 
Interactions and the | | 
STER et al.| (19) | opening angles of [1.5 +3.0 | (50 i EE 
x-fragments | (275) 
Interactions, opening | 
IN et al. (25) | angles of «-fragments |7.0 —100 1.57+0.20|1.62+0.20|1.60-+0.15 
and relative scattering (115) 
e n | 
esent — | Knock-on electrons, 10.23 —9.00 1.65 +0.2711.82 +0.59/1.78 +0.24 
rk (*) range-ionisation (136) (70) (206) 


(*) Errors quoted are standard deviations on the «least square fit » lines to the differential spectra. For 
most of the other experiments the procedure used for assigning errors is not stated. 
Numbers shown in brackets indicate the total number of tracks used. 


(24) F. B. McDonaLD: Phys. Rev., 104, 1723 (1956). 
(25) P. L. Jain, E. LoRRMANN and M. W. TEUCHER: Phys. Rev., 115, 654 (1959). 
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iments, the procedure used for assigning errors is not clearly stated. In the 
case of M and H nuclei especially, the errors quoted appear to be underestimated 
when one considers the number of tracks on which the values are based and 
the uncertainties existent in the energy determinations. The emulsion stack 
used in the present experiment was exposed on the same flight (flight 5) on 
which McDonatp (14) measured the energy spectrum of «particles in the 
energy region 0.3 to 0.9 GeV/nucleon, using a Cerenkov-scintillator counter 
telescope. The exponent «m », as calculated by us from his data, is 1.5 for 
g-particles and is consistent, within experimental errors, with the values for 
M and H nuclei obtained in this experiment. The results in Table IIT are 
consistent with the assumption that the various chemical elements in the 
primary cosmic radiation have the same value for the exponent «m». However 
the error on « m » in all of the experiments carried out so far on the M and 
H nuclei are too large to reveal any small scale differences in the spectra as 
suggested by SINGER (2°). There is thus a distinct need for experiment of 
greatly increased accuracy. 


43. Geomagnetic cut-off energy. — The lowest energy particle of the M-group 
observed in this experiment was a carbon nucleus of energy 230 MeV/nucleon. 
At the flight altitude (6.1 g/em? of air) the «air cut-off » for a carbon nucleus 
i.e. the minimum energy required to penetrate the overlying air (+ small 
packing material, ~ 2 g/em?) and a length of 5 mm in emulsion, is 200 MeV/nu- 
cleon. Between 230 MeV/nucleon and 260 MeV/nucleon, 5 carbon nuclei were 
detected but none were found with energies between 200 MeV/nucleon and 
230 MeV/nucleon. The energies of almost all of the particles in the low energy 
end of the spectrum were determined from measurements of the residual range 
and consequently are very accurate. Therefore, 230 MeV/nucleon represents 
the geomagnetic cut-off energy obtained in this experiment. This is in agree- 
ment with the value (220 + 30) MeV/nucleon estimated by McDonaxp (14) for 
a-particles in his experiment on the same flight. At ceiling, the balloon drifted 
from 53.5° to 54.5° N geomagnetic latitude (Fig. 4-b), ref (2°), flight no. 5). 
The cut-off should, therefore, correspond to the highest geomagnetic latitude 
reached i.e. 2 = 54.5° N. The measured cut-off energy is in disagreement with 
the value of ~ 400 MeV/nucleon predicted from a simple dipole approximation 
of the earth’s magnetic field. QUENBY and WEBBER (2?) have calculated the 
cut-off energies at various latitudes using additional non-dipole terms to de- 
scribe the earth’s magnetic field. Their value for the geomagnetic cut-off at 
À = 53.5° N is 255 MeV/nucleon and at 2 = 54.5° N is 175 MeV/nucleon. These 


(25) F. B. McDonatp and W. R. WEBBER: Phys. Rev., 115, 194 (1959). 
(27) J. J. QuenBY and W. R. WEBBER: Phil. Mag., 4, 90 (1959). 
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values are not in disagreement with our measured value of 230 MeV/nucleon. 
Due to the close proximity of the values «air cut-off», 200 MeV, and the 
lowest energy we have measured, 230 MeV, and the possibility that the in- 
tegral energy spectrum bends over at low energies, we cannot exclude the 
possibility that the cut-off at = 54.5° N is as low as 175 MeV/nucleon, as 
predicted by QUENBY and WEBBER. 


4°4. Flux values at the top of the atmosphere. — The values of the flux M, 
H and S nuclei at the top of the atmosphere, obtained by using the diffusion 
equation given by Noon and KAPLON (25), are shown in Table IV. As can 
be seen from this table, the extrapolated flux data are not very sensitive to 
the values used for the absorption mean free paths (A) in air for M and 
H nuclei; this is so because the extrapolation is only over a small thickness 
of overlying air (6.1g of air). A comparison of these values with those ob- 
tained by other investigators on other occasions shows that a Forbush type of 
decrease had occurred in the intensity of heavy nuclei (Z > 6) of the primary ra- 
diation, at the time this stack was exposed at high altitude (1°); a similar type of 


TABLE: IV. — Fu ae of M, H and S- Lt at the top of the MORE 
CR TE to the op of the ROL | 
carried out assuming 
| Mido gna: | Ay == 260/08; 
| A == 29 gem" (7°) | da YA 9/0? (29,90) 
| (particles/m? s sr) | (particles/m? S BE) 
ee LI = = ses : | 
| | | 
J°, (=230 MeV/nucleon) | 9.7 + 0.9 | LOZZO 
È da e a = | 
© (> 230 MeV/nucleon) | DISCO, | 5.3 E047 | 
J% (>230 MeV/nucleon) 15,528 ll | 16.0 41,1 
a si E “ae | 
| 
The above flux values are based on the number of particles observed in an area of 158.7 cm? 


in the central region of the emulsion plate, since conditions (d') and (e’) mentioned in Sect. 3°2 
had to be satisfied. This area contained 109 particles of the M-group and 55 particles of the 
H-group. | 


J. H. Noon and MH KapLon: Phys. Rev., 97, 769 (1955). 
(ED) IR, ni AUSSUBUEONE P. S. FREIER, J. E. NAUGLE and i. PONEY: Phys: the 
5) 


(EU VE Se . Appa Rao; S. Biswas, R. R. DANIEL, K. A. NEELAKANTAN and 
Bret abe Rev., 110, 751 (1958). 
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decrease in the flux of a-particles was observed by McDonald using a counter 
telescope carried on the same flight as the present stack, neutron monitors at 
1=56°N had also shown a large Forbush decrease at the same time. 

It thus appears that modulation mechanisms which cause short term in- 
tensity variation affect sometimes the heavy primary nuclei of the cosmic 
radiation. 


5. — Summary. 


i) The energy spectrum of nuclei with charge Z>6 in the primary 
cosmic radiation has been determined by employing a technique different from 
those previously used in this type of work. In this technique, the energies 
(per nucleon) of heavy primary cosmic ray nuclei have been determined by 
measuring the angles of emission and the energies of « knock-on electrons » 
which they produce by elastic collisions in traversing nuclear emulsions. The 
conditions necessary for a reliable determination of the primary energy by 
the «knock-on electron technique » have been established; and it is shown 
that the energy evaluated under these conditions agrees well with that deter- 
mined by other methods. This technique is of value in determining the ener- 
gies of heavy nuclei with energies up to about 10 GeV/nucleon. 


ii) The exponent of the integral energy spectrum of the M-group of 
nuclei has been obtained as 1.65 + 0.27, in the energy range 0.23 to 9 GeV/nu- 
cleon, and of the H-group of nuclei as 1.82 + 0.59, in the energy range 0.41 
to 9 GeV/nucleon. Since the various points (denoting flux values) on the in- 
tegral plot of the energy spectrum are not independent, we have used the 
differential plot to obtain the best value of the exponent and its error; it is 
shown that this procedure gives a correct representation, of the integral energy 
spectrum and its error. Within the experimental errors, both charge groups 
appear to have the same exponent for the integral energy spectrum. Hence 
the data for H and M nuclei have been combined and the exponent of S-nuelei 
(Z > 6) obtained as 1.78 + 0.24. The exponent of the integral energy spec- 
trum of «particles recorded by a counter telescope on the same flight is 1.5: 
this was deduced by us from the data obtained by McDoNALD (14). These 
observations are consistent, within experimental errors, with the assumption 
that the various chemical elements in the primary cosmic radiation have the 
same value for the exponents of their integral energy spectra. However, the 
errors on the exponent, in all of the experiments in which direct determinations 
of the integral energy spectra of M and H nuclei have been made, are too 
large to reveal any differences in the spectra of the various chemical elements 
as suggested by SINGER (2°). There is thus a need for further experiments of 
increased accuracy to resolve this controversy. 
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ili) The geomagnetic cut-off energy at A= 54.5° N has been obtained 
as 230 MeV/nucleon. This value is in agreement with that estimated by 
McDonatp (1) for «-particles in his experiment on the same flight. This is 
inconsistent with the value expected from a simple dipole approximation of 
the earth’s magnetic field; but it is consistent with the value predicted by 
QUENBY and WEBBER (?”). 


iv) The flux values of M and H groups of nuclei, extrapolated to the 
top of the atmosphere, are (10.7 + 1.0) and (5.3 + 0.7) particles/m? s sr respec- 
tively. These values were obtained using absorption mean free paths in air 
as directly measured by DANTELSON (2°) at A= 10° N and used in an earlier 
experiment by APPA Rao et al. (°°). Because of the high altitude attained by 
the balloon, the (extrapolated) flux values are not very sensitive to the values 
of the absorption mean free paths used. From a comparison of these flux 
values with those obtained by other investigators on other occasions, we have 
shown that a Forbush type of decrease had taken place in the intensity of 
heavy nuclei (Z > 6) of the primary radiation at the time this stack was 


exposed (17). 
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APPENDIX I 


Calculation of the error on primary energy: conditions for minimum error. 


AIA. Error on the energy of the electron. — The relative error on the energy 
of the electron was calculated from the relation: 


tano AE Mo =) 
is ? 


Le 1A A AVENUE 


| 


where A = true scattering sagitta, 
n — number of independent cells used in the scattering measurements, 
e = total noise. 


I 
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Cell sizes of 10, 20, 40, 60 and 80 ym were used for multiple scattering 
measurements on the electron tracks. Reading noise was determined by taking 
readings at each ordinate twice, as given by BISWAS et al. (7). Grain noise 
was obtained from the reading noise and reading plus grain noise as measured 
on tracks of high energy particles at minimum ionization; the grain noise 
(0.09 um) was added quadratically to the reading noise obtained for each 
knock-on electron. (The reading plus grain noise cannot be obtained for slow 
knock-on electron tracks by repeating readings at a « displaced » set of grains (?) 
because of the high multiple scattering on these tracks.) This method of 
obtaining e was checked by determining e directly on fast knock-on electrons. 
(The stage noise is negligible for the small cell lengths used in this experiment.) 
It was found that reading noise varied from track to track depending on the 
energy of the particle; measurements were, therefore, made separately for 
each track. Wherever possible, the cell size was chosen to minimize the error 
on the electron energy; however, for very low energy particles, cell sizes less 
than 10 um are not practicable. The error on electron energy was calculated 
from the relation (6). 

The scattering constant for electrons of energy (2.5—200) MeV has been 
experimentally determined (HISDAL (*); HEYMANN and WILLIAMS (#2); VIo- 
LET (*)) and is in agreement with that given by Moliére’s theory. There is 
some disagreement (#!*?) at an electron energy of ~1 MeV which may be due 
to experimental biases. We have used the scattering constant as given by 
Molière (for a 4D cut-off), taking into account the variation of K with cell 
size as given by VIOLET (°°). 


AI.2. Error in the angle of emission. — The true angle of emission, ©, of 
the kneck-on electron was obtained using the following relation: 


( 


a COS © = 6080 cos p COS Po + sin @ Sin po . 


= the projected angle (on the plane of the emulsion) between the tracks of 
the electron and of the primary particle, g = dip angle made by the electron 
track and go = dip angle made by the primary track. The projected angle 0 
was measured with an eyepiece micrometer. When a certain length 1 of the 
electron track is used to determine the best fit of the hair line, the error 30 
is given by DE MARCO et al. (5) as: 


. "VOTE 


The first term arises from the setting error. The constant K was experimen- 
ta lly determined as A = 25°. The second term arises from the scattering of 


(31) E. Hispat: Phil. Mag., 43, 790 (1952). 
(32) E. F. Heymann and W. FP. Wirciams: Phil. Mag., 1,202 (1956). 
(5) C. E. VroLet: Phys. Rev., 104, 1454 (1956). 
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A 


the track in the length 2. The error 30 is minimum when €©(80)/01— 0, and 
the optimum length is given by: 


K\} 
(9) ea: (3) 


x 


In our measurements the length 1 was taken close to the optimum and 98? 
was calculated from the relation (8). i 
When a length L is used for a measurement of the dip angle y, the error dy 


is given by: 
2828 ga f LI | tai : | e r\| 
T? | SÒ L | 300 


(10) Ôp = 


where SZ = error in reading the depth scale (~ 0.5 um), 


S = shrinkage of emulsion and 
o =tgy. We have taken 38/S=5% and ÔL —1 um. 


The error dp is minimum when 0(dg)/èL = 0 and the optimum value of Z 
is given by: 
2(8.)? + 284(3Z)?]* 


(11) = fe 


SI 
8 
I 
CO 
Hs 
QI 
e 
IUS) 
nw 


The dip angle g was measured using a length L close to the optimum value 
and the error dp was calculated from eq. (10). 
The error on the true angle © was calculated from the relation 


(12) (So)? = (0-86)® + (9 + Ho) [(Sp)?+ (30)? 


(In deriving this relation the approximation + — tg < = sin + has been used 
Since the angles considered here are usually less than 25°, the error involved 
is small.) The angle w, was obtained from the total length of the primary 
track in an emulsion, projected on the plane of the emulsion, and assuming 
that the emulsion thickness= 600 um. The error dq /~) was taken as 5% 
which is the average uncertainty in the emulsion thickness. 


AT.3. Error on primary energy. — As given in Sect. 2°2, the error on the 
primary energy can be obtained from the relation: 


Sv fn (SIR, a (SOV 
(2) Vail) - eae 

Yo Ve tO, 
where 
(2a) j Yo Ve Ve L Ye! Yo tg? © 
a HE 


Open 21 y) 2) i 
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and 


dy». a) (ve — 1)y5 (tg w sec? w) O 


9 = 
(2b) fo loi (ap) Vo Ve a 1 


In Figs. 3a and 3b the functions f, and 
f have been plotted against (y. — 1) 
for different values of ©. 

On each heavy primary track at least 
two knock-on electron were measured. 
The error on each of the y, values was 
obtained by using the above relations 
and the error on the weighted mean of 
the y, values evaluated. The distribu- 
tion of errors on the weighted mean 
y, values of all the primary tracks of 
Z> 6 is shown in Fig. 9. 


4 Fig.9.- The distribution of percentage errors 
0 5 1 I> 20 25 30 on the weighted mean values of primary 
Percentage error on the final Y, value energy y, obtained from knock-on electron. 


ADD II I 


Statistical analysis of the errors on the primary energies as obtained by the knock-on 
electron method. 


In this experiment measurements have been made on a total of about 
500 knock-on electrons produced by heavy primary nuclei. On each primary 
track at least two useful knock-on electron tracks were measured. If the values 
of y, obtained from these two were not consistent with each other (within 
two standard deviations), then a third knock-on track was measured. For 
the purpose of this analysis, of the pair of values which were consistent with 
each other, the one with the smallest error was considered as the best estimate 
of y,; we then classified the number of cases in which the second value — and 
the third whenever done — was consistent with the best estimate within one, 
two or more than two standard deviations. 

These numbers are compared with those expected for a normal distribution 
in Table V. It may be seen that the number of pairs which agree with each 
other within one and two standard deviations is about that expected for a 
normal distribution. This indicates that the calculated errors on the primary 
energy yp are approximately right. In the fourth column of Table V is listed 
the number of pairs of values which differ by > 2 standard deviations; in 
this column the observed number (31) is greatly in excess of the number 
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expected (12) for a normal distribution. This gives the number of occasions 
when a measurement gives a wrong value of the primary energy. In addition, 
there is a separate group of 31 electrons which lie within the useful angle but 


TapLe V. — Statistical analysis of errors on the primary energies. 
ate Ne 


+ 20 | > 20 
| 
| 


Observed number 151 56 | SI 
4 n = Sl he RA 
Expected number for | 162 | 64 | I 


a normal distribution 


Number of cases in which measurements on a pair of knock-on elec- 
tron tracks (on a heavy primary track) yield two values of the primary 
energy yp consistent within +1, +2 and > 2 standard deviations. 


in which the electron gives an indeterminate value of primary energy and 
this value is in disagreement with that obtained from another useful electron. 
Thus, out of a total of about 500 knock-on electrons, ~ 50 electrons 2.6. 10% 
of the total give wrong values of the primary energy. We attribute this to the 
uncertainties arising from sources (a), (b) and (c), discussed in Sect. 2°5. 


APPENDIX III 


5-ray density measurements and charge calibration. 


For tracks with high 6$-ray density (> 6/100 um) a «long range» con- 
vention was used. According to this convention, all 5-rays were counted which 
projected outside two parallel straight lines 2.5 um away on either side of 
the primary track. In our measurements, the mean consistency of counting 
of S-rays was 6.3% for the standard convention and 9.5% for the long range 
convention. For stopping particles 3-rays were counted on segments of the 
track close to the point of entry of the particle. An average length of 4 to 
5 mm of a heavy primary track was used for ò-ray counting. 

The charge calibration curve for the standard convention of ò-ray counting 
was obtained by using relativistic «-particles and «charge indicating inter- 
actions » of relativistic particles of charge 5, 6, 7 and 8. The relation between 
S-ray density per 100 um (Nz) and the atomic number Z, up to Z = 8, can be 
represented by N;—aZ?+b where a=0.077 and b — 0.47. In a similar 
manner the calibration curve was obtained for the «long range » convention 
and gives values a — 0.0435 and b= 0.045. This calibration curve was extra- 
polated to Z> 8 and was checked by a charge indicating interaction of a 
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relativistic particle with Z —13. In the absence of calibration events above 
Z —13 this calibration curve could be in error by one or two units of charge 
in the region of atomic number Z~ 20. 


RIASSUNTO) 


La tecnica degli « elettroni d’urto » è stata impiegata per determinare lo spettro 
dell’energia dei nuclei con carica Z>6 nella radiazione cosmica primaria. In questa 
tecnica l’energia per nucleone di un nucleo pesante di raggi cosmici primari si deter- 
mina misurando gli angoli di emissione e le energie degli elettroni che il nucleo « colpisce » 
nelle collisioni elastiche lungo il suo cammino attraverso l’emulsione nucleare. Poichè 
le energie degli elettroni d’urto sono relativamente piccole (<100 MeV in questo 
esperimento), possono essere misurate con precisione col metodo dello scattering mul- 
tiplo di Coulomb. Si sono determinate le condizioni per una attendibile valutazione 
dell'energia primaria e si è verificata l’attendibilità del metodo per confronto con i 
risultati ottenuti con altri metodi. Le cariche e le energie delle particelle sono state 
determinate in due modi: 1) per le particelle che si arrestano nell’emulsione con misure 
del percorso e della densità dei raggi 3; 2) per le particelle che non vi si fermano, misu- 
rando la densità dei raggi 5 e le energie e gli angoli di emissione degli elettroni d’urto 
veloci; nei pochi casi in cui le particelle rallentavano nell’attraversare lo stack, si è deter- 
minata la variazione della densità dei raggi è lungo la traiettoria. Si fecero misurazioni 
su 291 tracce ottenute in uno stack di emulsioni lanciato dallo Iowa, (A=53° N) 
a 113000 ft. per quattro ore il 13 Marzo 1956. 206 di queste tracce erano dovute a 
particelle con carica Z> 6. L’esponente dello spettro integrale dell’energia del gruppo 
medio (6<Z< 9) di nuclei si è determinato in 1.65+0.27 nel campo di energie fra 0.23 
e 9 GeV/nucleone e quello del gruppo pesante (Z > 10) di nuclei in 1.82-+0.59 nell’inter- 
vallo di energie fra 0.41 e 9 GeV/nucleone. L’esponente del gruppo S (Z > 6) di nuclei 
è quindi 1.78+0.24. L’energia di cut-off geomagnetico a 7=54.5° N si è stimata in 
230 MeV/nucleone. Si è trovato che i valori del flusso di nuclei M ed H sono (10.7--1.0) 
e (5.3+0.7) particelle/m? s sr, rispettivamente (13 Marzo 1956). Un confronto di questi 
valori con quelli ottenuti in altre prove mostra che ha avuto luogo un decremento di 
tipo Forbush nell’intensità dei nuclei pesanti, analogo a quello osservato da McDONALD 
nel flusso di particelle x nello stesso volo; nella stessa epoca, rivelatori di neutroni a. 
terra hanno pure registrato un decremento di Forbush. 


(*) Traduzione a cura della Redazione. 
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W. HEITLER 


Institut fiir Theoretische Physik, Universität - Zürich 


Y. TAKAHASHI (*) 


Dublin Institute for Advanced Studies 


(ricevuto il 20 Gennaio 1960) 


Summary. — A non-local field theory is developed (and formulated in 
interaction representation) with the view of obtaining a converging theory. 
At least one special type of form factor is known for which this theory 
converges throughout, but in this and the following paper the form factor 
is not specified (it may even be a g-number). The view is taken that 
convergence should take precedence over exact Lorentz-invariance, because 
present knowledge does not necessarily exclude a violation of Lorentz- 
invariance inside the source. It is shown that the total charge is the same 
as in local theory and is conserved, provided only that the form factor 
commutes with the field operators. The invariance against groups of 
transformations is discussed in a general way and for the special case 
of Lorentz-transformations. It is shown that the Schrôdinger equation 
can always be formulated in an invariant manner, but that this does 
not imply the invariance of the S-matrix. The conditions for the inva- 
riance of the S-matrix are derived. The theory contains the local theory 


as a special case. 


Introduction. 


A few years ago a considerable amount of work has been done on non-local 
field theories, with the view of obtaining a convergent theory ('). However, 


(*) Temporarily at the University of Zürich. 

(1) Compare for instance: CH. MoLLeR and P. Kristensen: Kgl. Dan. Vid. Selsk., 
27, no. 7 (1952); C. Buocu: Kgl. Dan. Vid. Selsk., 27, no. 8 (1952); G. WATAGHIN: 
Nuovo Cimento, 5, 689 (1957), and numerous other papers. 
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while strict Lorentz-invariance was demanded, it turned out that the diver- 
gences reappear in higher approximations. Also gauge invariance was violated. 
The attempts have, therefore, been abandoned again. The divergences can 
be traced to the very Lorentz-invariance which is maintained throughout. 
On the other hand, it cannot be denied that field theories must be finite and 
a certain amount of pressure is exerted by experimental facts indicating some- 
thing like a finite size of the elementary particles (*). A finite size may be 
expressed by some non-local features in the interaction between the particles. 
Tt therefore, seemed to us advisable to resume the work, making convergence 
the prime and overruling demand. A formulation of a theory on a different 
basis with a specified form factor has recently been suggested by us (*), which 
is a generalization of the extended source model, and has turned out to be 
convergent throughout (*). Thus, at any rate, convergent non-local field theo- 
ries can be formulated. In view of what is said above it is hardly sur- 
prising, however, to find that. this particular theory is not strictly Lorentz- 
invariant. Lorentz-invariance is violated inside the source, and this exhibits 
itself in non-invariant radiative corrections. The form factor itself is invariant 
and therefore the first order of perturbation theory is also invariant, although, 
of course, some departure from the local theory is predicted. The difficulty 


(2) The following facts can be quoted in this connexion: (i) the r*-7° mass dif- 
ference which is probably mainly an electromagnetic self-energy; (ii) the proton- 
neutron mass difference which is probably a mixed electromagnetic-mesonic self-energy, 
order e?f?, e?f*... (cfr. R. P. FEYNMANN and G. SPEISMANN: Phys, Rev., 94, 500 (1954), 
and L. O’RAIFEARTAIGH, B. SREDNIAWA and CH. TERREAUX: Nuovo Cimento, 14, 
376 (1959)). Perhaps similar considerations obtain for the K°-K* mass difference. 
(iii) The x-nucleon scattering. While perturbation theory based on the first order gave 
on the whole the correct gross behaviour of the cross section (W. HEITLER and 
H. W. PENG: Proc. Cam. Phil. Soc., 38, 296 (1942)), the quantitative improvement 
(G. F. CHEw: Phys. Rev., 94, 1748, 1755 (1954)), due to the inclusion of higher orders 
on grounds of the non-relativistic extended source model is very considerable. The 
same applies to the photo-meson production. It may be remarked that in these caleu- 
lations the non-renormalizable p.v. coupling is used which, for second order processes is 
not the non-relativistic limit of the p.s. coupling (contrary to numerous statements 
made in the literature). Thus the use of a finite size model is imperative. (iv) Al- 
though the finite size of the charge and of the magnetic moment distribution of the 
nucleons is primarily an effect of meson theory (compare M. SLorNICK and W. Herr- 
LER: Phys. Rev., 75, 1645 (1949)) a quantitative investigation indicates a finite size 
of the nucleon itself. (L. K. Panpir: Helv. Phys. Acta, 31, 379 (1958); Nuovo Cimento, 
10, 534 (1958)). All these effects lead to a size of the elementary particles of the order 
fi] Mc, M=nucleon mass, for all interactions. 

(5) E. Arnous and W. HeITLER: Nuovo Cimento, 11, 443 (1959), cfr. also Part II, 
Sect. 6. In the first paper the C, P, T invariance and causality are also discussed. 

(4) For details see part IT, Sect. 6 and a special paper by L. O’RAIFEARTAIGH: 
to be published. 
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—if not the impossibility —to reconcile convergence and exact Lorentz-invariance 
within a non-local framework suggests a critical examination of the exper- 
imental evidence of Lorentz-invariance inside the finite size of a particle. For 
example, if we sacrifice Lorentz-invariance in this sense, it will turn out that 
the self-mass of a particle, about 3% of the rest mass for the electron, would 
not be strictly invariant, and Einstein’s formula for the mass-velocity relation 
would not be quite exact. Present evidence in this respect is rather wanting (?). 
A certain measure of velocity dependence of the self-mass would hardly contra- 
dict the present data. More accurate measurements, especially at higher ener- 
gies (> me?) are most desirable. For the special form factor mentioned above 
the self mass would decrease as soon as the momentum p> me and tend to 
zero for p> me (*). In this case the theoretical mass would be measurable. 

A more severe test of strict Lorentz-invariance can be seen in the anom- 
alous magnetic moment of theel ectron and in the Lamb-shift. As is well 
known, local quantum-electrodynamics yields the correct results only when 
Lorentz- and gauge-invariance are used as explicite and additional demands 
in the evaluation. However, these effects are somewhat indirect and it is very 
difficult to be sure that no less restrictive demands could lead to results which 
agree with the data within their accuracy. On the other hand these effects 
will be a severe test on any theory differing from the local one. 

The purpose of this work (parts I and IT) is not so much to suggest a def- 
inite theory with a specified form factor but rather to discuss, in a manner 
as general as possible, a non-local theory of which it is known that it embodies 
within its framework the possibility of convergence. In view of what was said 
above it seemed advisable not to exclude, from the start, any violation of 
Lorentz-invariance within the particles. On the other hand we shall take care 
to formulate the conditions for Lorentz-invariance within the general frame- 
work. 

Part I is concerned with the general formulation of the non-local theory to 
be studied, with the conservation of the total charge and with general conditions 
for invariance pertaining, for example, to both Lorentz- and gauge-invariance. 
The former is treated more in detail. 

Part II is concerned with the special case of quantum electrodynamics 
where gauge-invariance will be treated in detail. The convergence of the theory 
fo: a specified form factor will be the subject of a special paper by O’RAIFE- 
ARTAIGH. 


(5) Compare the critical survey by P. $. FARAGO and L. JANossy: Nuovo Cimento, 
5, 1411 (1957). 


43 - Il Nuovo Cimento. 
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1. — Hamiltonian. 


The starting point of the non-local theory we wish to discuss is the Schro- 
dinger equation for the state vector in interaction-representation 


ie a SHOE =| Hare. 


H is the interaction Hamiltonian. For simplicity we consider the interaction 
of a spinor-field y(x) and a scalar real field v(x), where y and are operators 
in interaction representation. We assume them to fulfil the same commu- 
tation relations 


CS 


(2a) {y(x), ply)} = — iS(@ — y) 
(20) [9(2), py = Dia y) 


and to satisfy the same free wave equations as in local theory. We choose 
interaction representation because a modification of H, like in the extended 
source model, seems to offer the easiest possibility for convergence. The corres- 
ponding field equations in Heisenberg picture would be extremely complicated. 
We generalize the local Hamiltonian by the introduction of a form factor, so 
that (°) 


(3) Ht) = al faints) le) F(a — x", « — x", © — 2")wy(x")w(æ"). 


t=2 


We have chosen F so that invariance against space-time translations is pre- 
served, but otherwise we shall not yet specify F further, except for the con- 
ditions (4), (4') below. We leave it in general even open whether F is a c- 
number or g-number, nor do we demand relativistic invariance of F. For 
specified theorems # is assumed to commute with y, y, y, (it may still be a 
g-number in the space of the y’s) but in these cases the assumption is always 
mentioned explicitly. None of the arguments of this paper are changed if 
some operator like y stand between y and y or if g is a vector (= A) OF ik 
any derivative operators stand before g. The limiting case of the local theory 
is given by = d'(e— e’) dx — x") 34(a — x"). There is one normalization de- 
mand we have to make on F, namely, 


(4) [re — o',% — 2", æœ— 2") dix" d4a = die — x"). 


(9) If # is a g-number we reserve the right to choose the position of F. 
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The meaning of this condition can best be seen after Fourier transformation: 
Let f(p, q, k) be the Fourier-transform of F, (p, 4, k) corresponding to # — #7, 
…, æ— x", then (4) means f(p, p, 0) —1. This means that no form factor 
occurs when there is no genuine interaction (no emission of a virtual g-par- 
ticle k). In addition we demand H to be hermitian, which puts a certain 
further restriction on F: 


(4’) F(a", A æ") = v4F'(æ", n. a") , 


The Hamiltonian of the free fields H, is assumed to be the same as in local 
theory 


(5) He = [roi + my dx + Hg, 


where H, refers to the g-field depending on its spin, ete. 


2. — The charge integral. 


Even at this general stage it can be shown that an integral exists describing 
the total charge and this total charge Q is identical with the expression of the 
local theory, viz. 


Q(t) = | dey pty)yavly) 


Since w satisfies the Dirac-equation (interaction representation) 0Q/ et = 0. 
We now show that 


(6) [QH] =0. 


The only specification we make here is that F shall commute with y, y and 9. 
It may still be a g-number in the space of the y’s. Applying (2a) we find 


(6) [OH] = — iglfw(0')Fla — à", «& — a", & 2") Sa y)ya ply) — 


— ply) Sly — 2°) F(@ — 0, Lx 2", © — 0") we") o(a") dx d'y da’... x”. 


It is well known that 


(7) = iste y)ya vu) dy = p(w"), 
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because S satisfies the Dirac equation (with x" as variable) and for e = Vo; 
S(a"— y) = id" —y); thus the left hand side of (7) agrees with y(#") at 
v= Yo, and since it satisfies the Dirac equation, it must be equal to p(w") at 
all times. Similarly 


Pa if own S(y — a’) d'y = y(x') . 


The bracket {} in (6’) vanishes therefore after integration Î d'y. 

The fact that Q is an integral distinguishes our theory from previous non- 
local theories where the total charge is a much more complicated expression. 
We shall see in Part IT, on the other hand, that this does not mean that the 
current vector j, is equally simple. In fact this will not be the case, but 
Ji dx will reduce to Q. 


3. — Invariance, general. 


We now discuss the question in what sense the wave equation and the 
ensuing theory is invariant against various transformations. The most im- 
portant transformations to be discussed are the Lorentz-transformation and 
the gauge transformation in the case of electrodynamics. We shall see that, 
if (1) is invariant against some such transformation, this does not necessarily 
mean that, for example, also the S-matrix is invariant. We first discuss a 
very general type of transformation which can be specified later to include 
both Lorentz- and gauge transformations. 

Suppose that H depends on a certain variable (or variables) « and let 
therefore Y also depend on « Thus 


. 


(8) Pa) = HP) 


Consider now an infinitesimal transformation «+x-+dx where dx (but not 
necessarily «) is assumed to be a ¢-number. 

We show that then a transformed V(t, «+6«) = W(t, «) always exists such 
that (8) is invariant, viz., 


(8’) VU, H(t, x) = A, x +ôx) 
Writing 
H(t, «+ da) = H(t, a) +5 da, 
and 
Cr 
P(t, a) = PE, à) — Kt, «) Pt, &) da = F(t, a) + = da, 
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(which defines X) we find that (8’) is valid together with (8), if 


de era is SAL ge 
(9) So TE] 
ot Oo 
or 
SG e) 3 
ie H, dos EE) 


The question is whether (9) can be solved for A. That this is the case can be 
seen by expansion of À according to the coupling constant contained in H 


EIA) 
j=l 
and from (9) 


H(t, a), 


go 


no 7(1) 3 
a; MONO 


(10) 


A 


i KM, x) = [H(t, x), K0-D(t, a}. 


These are differential equations for X'"(t, x) which can be solved succes- 
sively. 
Let us assume that H is switched off at { — — oo, then the solution of (10) is 


t ti 
Ke aie i dr fa ES 2) , H(t, «)| , 


etc. This can also be written in closed form with help of S(t, a) defined 
below (11): 

6 
K(t) = star Sat) eee S(t’) 8-1). 


— © 


Thus for any transformation a > x+0x and for any Hamiltonian H(t, 2), à 
corresponding transformation of the state vector exists, such that the wave equa- 
tion (1) is invariant. This does not mean, however, that quantities like the 
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S-matrix are also invariant. Further conditions are required for that purpose. 
Let us define the S-matrix, as usual, by 


Vina) == S(t, a) Li — co, a) 
(11) : 
N = S(00, x) 5 


The relation i(07/0x) = KY now becomes 


0 y 00) + 586 à) = PC co) = Kt, «) Sti, a) Y= co). 
CÀ 


We may suppose that the initial state Y(— co, x) is invariant (0/02) P(— 00,0) =0. 
Then 


(12) SK) Sao 


S = S(oo, x) will therefore be invariant if 


(13) Fe, = 
or by (9) 
(co) Fa 
(13°) i dt Es — 1H, x) VE 


Thus the invariance of the wave equation is not enough to garantee the 
invariance of the S-matrix (which depends on the elements of Ÿ and not on 
|¥|?), a point which seems to have been overlooked in most discussions con- 
cerning invariance. We shall see, that (13) or (13') is fulfilled in the local 
theory for both Lorentz-invariance and gauge invariance, but that (13) is a 
very restrictive condition in our non-local theory that is not easily satisfied. 


4. — Conditions for Lorentz-invariance. 
We now consider more in detail the conditions for Lorentz-invariance. For 


this purpose we first try to generalize (1) into what is a specialization of the 
Tomonaga equation. Consider a plane in space-time defined by 


0,0, >t = 90, 
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where n, is a fixed time-like 4-vector n,=—1, with n,>0. Further define 


A(t, n) = | dix d(nx +1)#(x). 


“ 


We then demand 


(14) i i ne Li) 


If n=(0,0,0, i), 7=@ = and (14) goes over into (1). For a given n,, the 
equation (14) can always be set up. Consider now an infinitesimal Lorentz- 
transformation 


(agg at dm = (3 SO yy) 2, = % 


uv vy jy ale pe? 
(15) nn, +0,10, = (0, + dI n, e 
SO py Re do, 
(The last equation guarantees me — —1). By this transformation the state 
vector will suffer a transformation 
OP 
(15°) Pan) = Pn) + i day + 
Let us write this in the form 
1: OE ; 
(16) a Da men — 1M, Pian), M, = —M,; . 
SO y | an, on, 
We can write (16) as 
Ò 0 > 
(16') i (a o Na an, Ma WY. 


This condition is compatible with (14), if and only if the integrability con- 
dition 


(ET) î CS RE ae Ma i2-H|-0, 
is fulfilled. In this case (14) is also valid in another Lorentz system viz. 


Ò 
(18) i = Pr on) = AGLA 
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(17) is the analogue of the well known integrability condition of the Tomo- 
naga equation 


i Loi — He", 0)(=0. (#—7}#>0. 
do(4') i 


As in the general case of Section 3 one can easily see, that (17) in contrast 
to (17') can always be solved, i.e. M,, can be found which satisfies (17). 

Thus it can be stated, that an equation of the form (14) exists in any 
Lorentz-system. During a Lorentz transformation Y transforms according to 
(15'), (16), and M,, can be determined, for example explicitly, as in Section 3, 
by expansion (see below). In this sense the theory is Lorentz invariant. 

Tt is remarkable that this kind of Lorentz invariance is quite independent 
of the special form of H. We have nowhere used any particular properties 
of H, and the question of whether « H is an interaction belonging to a Lorentz 
invariant theory » or not does not arise. 

This does not mean, however, that the S-matrix is Lorentz invariant. In 
the preceeding section it was shown quite generally that the S-matrix is only 
invariant if K(f= co, a) =0. In the case of Lorentz invariance this condition 
now becomes 


(19) Mit == co, 1) =, 


t taking the place of t, and » that of the parameter «x. (19) is a condition 
that is not always satisfied, and if we demand this (which we shall not do in the 
following) it represents a demand on H. To see what (19) means we obtain M,, 
from (17) by expansion. From (17) (or (14) and (18)) it follows that 


5 6 
1 ae M,, = May + [H, Ma] ’ 


0 © 
May == Ny an Se Na Alon 
iN) 


v 


(20) 
| H(t,n). 


Hence, if M,, is expanded according to the coupling constant (m 
order) 


uv 38 Of first 


T 


a . 
MY = — ima’ 


_ © 


Mae — far far PAGE 
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The general term is: 


T 1 Tk—1 
7 


(20') MP? == ff fat far 


— © —; CO: TT oo 


AU Les ian Plc) Hire n)] A n) | : 


The condition for the Lorentz invariance of the S-matrix is therefore (up to 
the 2nd order) 


(21) M? (co) = —i ar far’ Laz n), | ; ee Ny di LU n) — 0. 
ba CN» 


— © = 


We have put H(— co, n) = 0 which we may well do, if we imagine the inter- 


action to be switched off at 7 =— co. Now 
Ti Fi 
(0) SE 
far Ny n H(t", n) fate fa. fo‘ +t") (x2) dt" = 
ma i 
09 — © 


= | ern, d(na +1) A (x). 


(21) contains the commutator 
(22) fato d'yò(ne + t')O(ny + t') [A (x), #(y)] or [A (a); ZOEY) een 


n(e — y) = 0 means that # and y lie on a space-like surface, or that (x — y)? > 0. 
Thus it is sufficient for (21) to hold if [#(x), #(y)] = 0 for (r—y)?>0, a 
well known condition, which is fulfilled in the local theory but not necessarily 
here. This also applies to higher orders. 

The necessary conditions for the S-matrix to be Lorentz invariant up to 
the second order is, however 


far [aroary (A(x), H(y)] (nye, — M78) (ne +7) d(ny + T') = 
fata dty [H(%), H(y)] (Mt, — ne) d(n(e—y))=0. 


which may be less restrictive than the vanishing of [#(x), #(y)]. 
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This work was begun at the Lorentz-Institut, Leiden, and two of us (E.A. 
and W.H.) would like to express their thanks for the hospitality offered by this 
University. Two of us (E.A. and Y.T.) wish to express their gratitude to the 
Swiss National Fonds for financial aid which enabled them to work repeatedly 
in Zurich. 


RIASSUNTO. 


Si sviluppa (e si formula nella rappresentazione delle interazioni) una teoria non- 
locale del campo allo scopo di ottenere una teoria convergente. Si conosce almeno un 
tipo speciale di fattore di forma per cui questa teoria converge uniformemente, ma in 
questo scritto e nel seguente il fattore di forma non è specificato (può anche essere 
un numero q). Si giudica che la convergenza debba aver la precedenza sull’esatta inva- 
rianza di Lorentz, perchè lo stato attuale delle conoscenze non esclude necessariamente 
una violazione della invarianza di Lorentz nell’interno della sorgente. Si dimostra 
che la carica totale è la stessa che nella teoria locale ed è conservata, purchè almeno 
il fattore di forma commuti con gli operatori di campo. L’invarianza verso gruppi di 
trasformazioni viene discussa sia in generale sia per il caso speciale delle trasfor- 
mazioni di Lorentz. Si dimostra che l’equazione di Schrédinger può sempre scriversi 
in forma invariante, ma che questo non implica l’invarianza della matrice S. Si de- 
ducono le condizioni per l’invarianza della matrice S. La teoria contiene la teoria locale 
come caso speciale. 


(*) Traduzione a cura della Redazione. 
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Photostar Production between 500 and 1100 MeV. 
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Istituto Nazionale di Fisica Nucleare - Sezione di Roma 
Istituto di Fisica dell Università - Roma 


G. GHIGO 


Laboratori Nazionali del C.N.R.N. - Frascati 


R. RINZIVILLO 


Istituto di Fisica Superiore dell’ Università - Napoli 
Istituto Nazionale di Fisica Nucleare - Sottosezione di Napoli 


(ricevuto il 25 Gennaio 1960) 


Summary. — Experimental results are reported on the photoproduction 
of stars in photographic emulsions exposed to a high energy bremsstrahlung 
beam of maximum energies between 500 and 1100 MeV. The, cross- 
sections, per number of equivalent quanta and per photon are calculated. 
The results are compared with those which can be derived using experi- 
mental values of the cross-sections for single and multiple pion photo- 
production. Good agreement is found. 


1. — An interesting feature of the interaction of photons with atomic nuclei 
is the photodisintegration of the nucleus, or production of photostars. This 
process has been studied so far, up to 500 MeV, by MILLER (!), KIKUCHI (2), 
GEORGE (*), and PETERSON and Roos (*). We have extended this investigation 
up to 1100 MeV at the Frascati electronsynchrotron. 


(*) Now at the Istituto di Fisica dell’ Università - Parma. 

(1) R. D. MILLER: Phys. Rev., 82, 260 (1951). 

@) S. Kikuckr: Phys. Rev., 86, 41 (1952). 

(3) E.P. GrorGE: Proc. Phys. Soc. (London), A 69, 110 (1956). 

(4) V. Z. Peterson and C. E. Roos: Phys. Rev., 105, 1620 (1957). 
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2. The experimental arrangement is shown in Fig. 1. The y-ray beam 
goes through a collimator 18 mm in diameter, a broom magnet, the shielding, 
the emulsion, and the monitor. The latter one was a quantameter of the 
Wilson type, for which we have used the constant 4.32 -10!* MeV/coulomb, a 
theoretical value agreed upon with Cornell ( ). 


m 6.25 + 
4 | 
2 plates 
quantameter y ray-beam 
i collimator Fara 
\ \ 
concrete \ target 
broom 
magnet 


Joie, dl 


Fourteen 200 and 400 um Ilford G-5 plates were exposed at normal inci- 
dence, one by one to the single energies. Each plate was coupled to a Fer- 
rania «N » X-ray film, which was later used to determine exactly the zone 
to be scanned on the nuclear plate, and to give a point by point dosimetry. 
The beam diameter at the point where the plates were exposed was 5 cm. 

The plates were scanned with either a 55 x 6 or a 50x8 optics, over a strip 
diametrical to the beam, partly in Naples and partly in Rome; the results 
have been mutually controlled. Scanning speed was about 0.3 cm?/day x scanner. 
Efficiencies have been determined with the double scanning method. On the 
basis of this determination, an efficiency of (90 + 5)% has been attributed 
on the average to the experimental data. 


3. — The cross-section per equivalent quantum and per emulsion nucleus, 
assuming an axially symmetric beam, is given by 


2x p(r)r dr 


Fee 
LD) aa — 


——— , 
N27rA | y(r)rdr 

0 

where N; is the total number of stars in the plate; D the total dose in equi- 


valent quanta; N the number of nuclei per em? (hydrogen excluded); » the 
distance from the beam axis; », the beam cross-section radius on the plate; 


(5) R. R. WiLson: Nuel. Instr., 1, 101 (1957). 
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o(r) the star density (in cm-?); y(r) the dosimetric co-ordinate (1>y()>0 
for 0 <r <7r,), and A a constant depending only on the exposure parameters. 
Defining R = n(r)/y(r), with n(r) = o(r)xs being the number of stars found 
within a small fixed area s, then one expects R to be constant. Therefore 


(2) v= RE 
NAs’ 

where A is determined by integration of y(r) at each energy, and the mean 

value of n(r)/y(r) over the plate is taken for R. The fact that R is indeed 

approximately constant, for each energy, supports the assumption, implicit 

in our method of treating the data, that the ratio of high to low energy photons 

is roughly constant over the beam cross-section. 

Three methods have been used to determine a possible neutron contami- 
nation of the beam: 1) a further exposure with a lucite absorber in front of 
the collimator so as to greatly enhance the number of neutrons in the beam; 
2) the analysis of the stars so as to establish the percentages due to light or 
to heavy nuclei; 3) the study of the distribution of single prong stars as a 
function of the radial distance from the beam axis and a study of their forward- 
backward ratio. The conclusion is that the contribution of the neutrons is 
negligible. Equally negligible is the contribution of the radioactive conta- 
mination of the emulsion and of the cosmic rays, as seen from the scanning 
of unexposed areas. 

To compare our results with those of previous authors, Fig. 2 shows 05 
for production of 3 or more prong photostars, plotted against maximum brems- 
strahlung energy on a semilog diagram. Monitor calibration uncertainties and 
possible differences in scanning criteria may account for the unsatisfactory 
agreement at 500 MeV with the results of PETERSON and Roos. As it is seen 
o, increases monotonically, as it should, since it includes the effects of all 
quanta in the beam, which increase in number with increasing energy for a 
given value of Q. The errors on the individual points are not only statistical, 
but comprise the uncertainties on the efficiencies. On the other hand, errors 
due to the measurement of the dose, to the determination of the maximum 
energy, and so on, have not been taken into account. 

Our points—with the possible exception at 1100 MeV—seem to lie on a 
straight line, as shown in Fig. 2. The cross-section 0, per photon of a given 
energy when the bremsstrahlung spectrum is of the form (°) f(k)=Q/k is 
given by 


doo 


(3) = aan BPS) 


(6) G. DIAMBRINI, A. S. FIGuERA, B. RISPOLI and A. SERRA: private communication. 


= 
1 
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Hence, in our case, 0, is directly given by the slope of the straight line in Fig. 2. 
However, to obtain the correct value of o, one has to consider the contribution 
of the 1 and 2 prong stars. An analysis of the 2 prong events shows that the 


Photostar production 
(23 prongs) 


ES 
/ 
i 
IF 4 Miller 1951 fi 
Q Kikuchi 1952 À 
[ + George 1956 / 
L © Peterson , Roos 1957 
} Present work ; 
È 
/ 
10} 


0.5 


T 
(o) 
Poo 
al 


Gg(10Sem®/equivalent quantum x emulsion nucleus) 


lì + 4 
A 

L SO 

Di a 
° 
I È 3 | 
O 
| lay ae ee | nee 
200 300 500 1000 
Ey (MeV) 
Fig. 2. 


number of these to be attributed to scattering of a single track is negligible: 

rer are X i ni / a n 
over a carefully examined sample, we found 90% of sure stars, 9% of « pro- 
bable » stars (*), and 1% of « probable » scatterings. The experimentally deter- 
mined percentage of 2 prong stars is, according to our data, 35% of the 3 or 
more prong stars, at all energies. 


As for the one prong star I 2 re - 
e prong stars, let us define the cross-section o,, per equivalent. 


uantum and per e si pr JE peer 
quant and per emulsion nucleus for production of 1 prong stars. A some- 


vhat difficult experi a erminati i i 
what difficult experimental determination of o,, has been carried out at various. 
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energies. Within the experimental errors o,, turns out to be practically in- 
dependent of energy. If it were exactly so, then equation (3) would show the 
corresponding cross-section per quantum to be zero: o,, = 0. In that case 
all the—rather frequent—one prong stars ought to be attributed to the giant 
resonance and quasi-deuteron low-energy processes. Our experimental errors 
allow the nossibility for some increase of o,, with energy, but the estimated 
contribution to the total cross-section per quantum is in any case less than 
some 10%. We will ignore this supposed contribution in the final calculation. 


ee eee 


Ey MeV) 


Our data then show that o, should be constant over the energy interval con- 
sidered, and for the production of 1 or more prong photostars is equal to 
0, = (146 + 22)-10-28 em?/nucleus. For the interpretation of this result, it is 
convenient to express it per nucleon rather than per nucleus. In this way 
one obtains 

(4) o, = (306 + 60)-10-% cm?/nucleon 500 <k < 1100 MeV. 


Ki 
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Pl geni | 
Fig. 3 shows our result, as a 
on straight line, and those of previous 
è 35 Ca authors at lower energies. The error 
È HA band shown is limited by the max- 
3 aA imum and minimum slopes of the 
S straight lines which can be fitted 
> within the experimental errors in 
S Fig. 2. Multiple photopion thresholds 
= 30 are also indicated. 
Fig. 4 shows the mean number 


| of prongs as a function of peak 


eee AE remsstrahlung energy. is seen 
500 700 900 1100 aan vi) phere ye à vi 
hat this Tr increases ste 
Ey (MeV) 2 is number increases steadily 
: with energy. 
Fig. 4. 


4. — WILSON (7) suggested that the photostar production process at hig 
energies consists of the photoproduction of pions on the nucleon, and the sub- 
sequent absorption of these pions by the nucleus. An optical model calculation 
for o, as a function of the mean cross-section for photoproduction of charged 
and neutral pions in hydrogen has been carried out by REFF (8), with the 
absorption mean free path 2 for pions in nuclear matter as a parameter. An 
upper limit to o, is obviously obtained by putting À = 0, which is equivalent 
to assume that all pions are reabsorbed, and by neglecting the effects of the 
binding of the nucleons in the nucleus. 

We have calculated o, using the experimental values of the photoproduction 
cross-sections known up to now, and using, for the single pion photoproduction 
the data of BERNARDINI (°), while for the double and triple photoproduction 
we have used to the data of SELLEN et al. (1). The resulting curve is shown in 
Fig. 3. As it is seen the experimental values of 0, are in good agreement with 
the curve. It is to be noted that the agreement gets better if, as PETERSON 
suggested (11), one takes into account the motion of the nucleons within the 
emulsion nuclei, thus smoothing out the curve. It is to be equally noted 
that the experimental value of 6, is slightly higher than this theoretical pre- 
diction, which constitutes, as said before, the limiting case of the model. 


(7) R. R. WILSON: Phys. Rev., 86, 125 (1952). 

(8) I. Rerr: Phys. Rev., 91, 150 (1953). 

(9) G. BERNARDINI: Hiev Conference (1959). 

(19), J. M. SeLLEN, G. Cocconi, V. T. Cocconi and E. L. Harr: Phys. Rev., 113, 
1323 (1959). 

(11) V. Z. PETERSON: private communication. 
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However, the rather large cross-section, especially at high energies 
(1000 1100 MeV) could be an indication of higher multiplicities in the pion 
production contributing to the photostar process. This last point would find 
support in the steady rise of the mean prong number with increasing energy, 
as shown in Fig. 4. 


Thanks are due to Prof. G. CoRTINI for his continuous help throughout 
this work; to Dr. V. Z. PETERSON for some fruitful discussion and private 
communications on the work done at Cal Tech by PETERSON and Roos 
up to 1150 MeV (to be published); to the Frascati electron-synchrotron staff 
for providing all exposure facilities; to the scanning team, and in particular 
to Dr. A. CELANO for her disinterested contributions. 


RIASSUNTO 


Si presentano i risultati ottenuti sulla fotoproduzione di stelle in emulsioni nucleari 
irraggiate con raggi y di bremsstrahlung di energia massima compresa tra 500 e 
1100 MeV. Vengono calcolate le sezioni d’urto per quanto equivalente e per fotone. 
I risultati vengono confrontati con quelli di precedenti autori ad energie inferiori e 
con quelli deducibili dai valori noti per fotoproduzione singola o multipla di x, e si 
trova un buon accordo. 


44 - Il Nuovo Cimento. 
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One-Particle Singularities of Green’s Functions 
in Quantum Field Theory - II. 


W. ZIMMERMANN 


Institut fiir theoretische Physik der Universitàt - Hamburg 
CERN - Geneva 


(ricevuto il 27 Gennaio 1960) 


Summary. — The time ordered Green’s functions are expanded with 
respect to the singularities arising from intermediate one-particle states. 


Introduction. 


In a preceding paper (!) the one-particle singularities of Green’s functions 
in quantum field theory have been investigated. It has been shown 


i) that the Fourier transform t(p,, …,p,) of the t-function {TA(x,)...A(æ,)» 
has a pole along 


UE = UE 
for any q=p,,+...+p,, if m is a discrete mass of the system; 
ii) that the residuum of this pole is a product of two t-functions. 
The results will be applied here in order to expand the 7-funetions with 


respect to the singularities 


(dî + m* — ie)... (2 + m° — ie)! e>+0, 


where q,; denote arbitrary partial sums of the momenta pi, …… Pni The residua, 
of these singularities will turn out to be either zero or products of r-++1 factors. 


So the expansion expresses the complete structure of the one-particle singu- 
larities of an arbitrary 7-function. 


(*) W. ZIMMERMANN: Nuovo Cimento, 13, 503 (1959), in the following quoted as I. 


a 
rt 
bi 
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In Section 1 the general assumptions and results of I are summarized so 
far as needed in this paper. For a model of one scalar field and one discrete 
mass the expansion of t(p,, ..., p,) with respect to the one-particle singula- 
rities is derived in Section 2. Examples for n —3, 4 and 5 are given in 
Section 3. In Section 4 is demonstrated how to generalize to the case of several 
masses, including bound states: the r-functions corresponding to various two- 
particle scattering processes are considered for the model of a neutral and a 
charged scalar field having one stable bound state of charge two. 

We finally mention two possible applications to the S-matrix theory not 
being considered in this paper. The first application refers to the physical 
domain of the S-matrix elements. The one-particle structure of T(p,, ... Dn) 
leads to certain relations among S-matrix elements first found by M. Frerz (?) 
as a characteristic property of causal S-matrices. For details we refer to (2) 
and to the investigations by V. GLASER (3). 

The second application concerns the unphysical domain of S-matrix elements. 
In the two-particle scattering amplitude, for instance, no one-particle singu- 
larity occurs so long as the momenta are real four vectors (physical domain). 
By analytical continuation into the unphysical domain, however, one-particle 
poles should be reached. A report on this program has been given by 
CHEW and Low (‘). Further references are contained in that paper. 


1. — General results of part I. 


In this section we repeat some of the definitions and results given in I so 
far aS necessary for the investigations that follow. 

We consider the model of one scalar field A(#) with one discrete mass m. 
The field operator is assumed to be invariant, causal, complete, etc. Asymp- 
totic field operators Bout(w; È, ... É,_1) are defined by 


Ret 


(A) Bou; En + Er) = IRA e, + fav MTA | Cl pte hs 


BAR CNT A Ne A (Up Je r>1 
JE el Bs ER En) 


ÊÉ, = Li — UH 5 (=a Vea gs =a 


(2) M. Fierz: Helv. Phys. Acta. 23, 731 (1950). 
(3) V. GLASER: private communication. 
(4) G. F. Ciew and F. E. Low: Phys. Rev., 113, 1640 (1959). 
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For the Fourier transform of Bout we introduce the notation 


1 
Ò(q° mn m?) 1 Baul; È Sates ore 1) = (2 vp exp [ae iqgx] Boul®; Ey peo Crea) © 


Investigating the one-particle singularities of the 7-function ea 


(2) O(p Pi SO: AE vale TDi D) = 


yen? 2 


= dr. fa, exp [— Pad +... + Prln)]< TA (a) ... A(@n)>o, 


we obtained in I the following results: 
i) for q=p,+...+p, the relation 


= {(q? + mm?) U(Pry + Pn)} 
(3) T (Dis cs Pn) = dim” TEN A 


? 


holds. Due to the (assumed) existence of the asymptotic operators (1) the 
residuum (q?-+ m2) t(p1, …, Pr) is finite (°) for g? — — m? as follows from (see I, 
eq. (33)): 
(4) fac exp [— 90) iC TA(a,) ... Ad) oon = 
= i(2n)t {CBou(d; TA) Ata) SE 
tXTA Ga) Ale Bel 
ii) In case of 2<r<n—2 this leads to the product relation (7*) (see I, 
eq. (35)): 
(5) (4° <tr Mm?) Ta(Pi; 9101019) DE =m? — 


= 2rri{(q? DNA) TrH(P1) cs Dry — q)} {(q? + m*) Torts Pras sory Pag q)} . 
(5) <>» denotes the vacuum expectation value. 
(9) By finite we mean that (q?+m?)r,(p, … p,) is a well defined « distribution » 
in the remaining variables when q? is set equal to — m?. 
(7) Provided that A(x) is properly normalized. 


(8) In the derivation of (5) causality has been used, for instance, in order to justify 
that 


fl 2 exp [—1(pa + qz)|K,K,TA(x,) ... A(a,) A(z) = 
= [asf a exp [—a(px + qz)| K,K,TA(a,) ... A(a,) Ale). 


I 
for De 5 (1 +...4%), palma 
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oO 
w 


In general one has for any partial sum 
LOY Dre seco SW re 
of the basic momenta ,,..., p, the two relations 


L(g? se 10") Tapis Da} 


6 A Ro 
(6) Ua(P13 es Pn) rst: qa + m? — ie 
(7) (q° ig M?) Tr( P15 200) Pn) = 200 {(g? si m*) Tril(P x, oe Day n 
MUSE LORI VR 0.0) i I<r<zn—-2. 


2. Expansion of t-functions with respect to one-particle singularities. 


Relation (7) indicates a certain product structure of +, which we now study 
in more detail. We first remove from 7, all the singularities d(p,, +...+p,)) 
and (p?+ m*?—ise)-1 by forming (°) 


(3) N(Day i Da) = (pi + m°)... (DE + M’) NnlPis + Dn) Pit + Dr = 0, 


where 17, is defined (1) recursively by eq. (1.14). As is well known, these func- 
tions 7, give the S-matrix elements when all p; are taken on the energy shell. 
In terms of 7, the two basic relations (6) and (7) are 


f(n2 IL m2) 7 
Ro {+ m?)t(P1, + Pa} 
(9) Mn(Pa os Dali Jim qg?-L m? — ie 


’ 


(0) (q2 + m2) 9,( D1, cs Pn) = WHI Mps (Pa, «Paps — D Nn—rts (Pag Dans D 


for 
de 0, rit Paes 2<r<n—2, 
Il g=—m’. 
All possible momentum squares g? are obtained by forming 
o 
"a (XP, : l<za<n—1, 2<r<%—2, 
vel 


(9) The t-function can be reobtained from 7’ by the formula (see I, eq. (26)) 


lim m(Pa Ve Pn) 
SANA — —, 
Min{Ba ++ Pn) e>+0 (p? + m2 — de) ... (pi + m? — ie) 


(0) In perturbation theory 7, represents all those contributions to t, which come 
from simply connected Feynman graphs. 
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for any partial sum g,,..,, of the n — 1 independent four vectors pi, ..-) Pa: 
. . Tees 
Accordingly we write 7, as a function (11) of Di, p; and all CRONO 


ih a) 2 2 2 2 
Mn = Mn(Pig <> Dar Vins ve) Giga es Vises 208 


We consider 7, 


n 


as defined only for those values of pì, gî,, which can be 


obtained by inserting real four vectors for p,;. Then only (") of the co- 
ordinates pì, g are independent. di 

From the relations (9), (10) we Know that n, can have poles when one of 
the variables g?,, is on the mass shell q?,,=—m?. 7, will further have mul- 
tiple poles of the form 


9 = RE 2 5 Data 
(Qe) + M — 18) Fess (Gg) M — e) +, Be ai). 
when the squares of the t momenta 


{py "i À Ba Bia RAS Pg, na Pps nua 


U (Pa) i 1 Pos di Dei 1 Pee 


UB,) # Ba Bra**° va PBa si Dean FRA 


are on the mass shell. One would expect that y, can be expanded with respect 
to these singularities 


An; (8 ). (87) 
(11) } > = Tis al 2 x 5 me i Si A 5 (== + De 
24 (dt MIRO, (dp + m* — 1) i 


where 


a) the coefficients Z,. (5. do not depend on the variables dI go 
appearing in the denominator; 


b) An as well as An)... pp ave regular when one or more of the variables 
are on the mass shell. 


We now want to prove the possibility of the expansion (11) and to deter- 
mine the coefficients. That will be done in two steps. We first define functions 
2, and study their properties. We then express 7), in terms of the A-functions, 
which automatically leads to the desired expansion. 


(11) As an invariant function without singularities OO te =e .) the function Nn 
depends only on the squares p? and the products pip; of n—1 cr dent four vectors. 
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We start defining À, by 


Na; (Bd. (BD 
2 . DI TE” 2 | 2 TEN 
cp (dan + M— de … (Gip + M?— 1e) 


(12) SII 


if È 
Here aptes Aenotes 


i Seine 2 2 m2 = 
(13) Mn (1). (oo) à (dio "n Mm ) ee (Qing) + m \n or) = +». = Lo) = TM 
for 
2 2 2 
RT A 17 me LOI 


Mines 8 à function of the p and of the qe, except for gs ++ Tap: Some- 
times it is more convenient to write Co as a function 


pela = Tee eee i 7 Pu) 
of the n four-vectors p; restricted by 
Prat. +Pn= 0, 
(DR ete RI deo. 


It is easy to see that 4, is regular when one or several of the variables are 
on the mass shell. We consider for instance the dependence on gî,, and show 
that 7, has no singularities P(gî,+m?)-? of d(gî,,+m°). We have (1?) 


ld 
VY] ny By)---( By) 
Za: C1) a > à - > E — 
An m+ 2 Bo (deo + M — ie) «++ (gg + M°— te) 
7 I 
1 VY) nsx) t I Vin) (Bx) 
=7 tal (= 1) 2 ; È m2 — à 
pi gio + m2 — de > eo (da + M — 18) … (don + mM — de) 


1 
t I Yns(x) By) «++ (Br) 
LE » (== ay our 9 . 2 I 9 O 2 2 GER | 
z (BoB (Gay + M— te) (Gig t+ mM? — de)... (din + m? — de) 


where the sum >’ is taken over all (8:), ..., (B,) which are different from (x). 
Using relation (9), we obtain 


2° me i DA 
AA (dio M?) Mn Mass, 
ix + M? — 1€ 
L I 
L > ( if I (dix) = M°)Mn:B).. Bo) — Ynsx)(By)-(Br) 
È Avo (di + me — te) (Gipy + m°— de) … (don + M°— te) 


(2) In all following formulae the limit e > + 0 has to be taken. 
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This relation shows that À, has no singularities of the form 0(q/,, +m?) because 


2 Spurl 7 2 oil en ZA SOA 
(dio + M?) Nn = Naso ? (a nite Ba = Mao) (Pr) * for q,,=—™m. 


There are also no poles P(gî,,+m?)-!, because 


(di aie mM?) dnl aty = = — 0 


follows from (14). 
We can show further that 4, is finite (15) for gî, = — m? if we assume that 
the derivative 


(o, 2 7 Ty 1 
VD (qi non nee) Mn} diy = — m° 
Ya) È 
is continuous at qî, =—m?. Then it follows from (14) 
Fs B. 
= T if 1). (Pz) 
bal) > / 2 9 O 2 o) I ? 
È Bio (Lente M°— 1e) ... (dept Mm? — de) 
with 
4 2 DAN 
F — 043 Ado + m Mala =— mt) 
x 
7 == m2 2 m2 A : 
F6 = (Kay SN?) en (de +m Pla, — gm 


The right hand side of (12) can be simplified considerably by using the 
product relation (10). Thus we obtain 


(15) PRE Cr) Pn) == Qin... (Pp Ny? AY} Mas bar UE O 


r 


I 
“Mn - Dar a Poin Pa Cry an) CAs 112) 


1.6. Ha is a product of two 7'-functions with r+1 and n—r+1 variables. 
The first factor depends only on the variables gi _.;, (except dî...) with each 
B, being one of the indices (x, ...,«,). The second factor depends only on 
the variables op. and (dp 2, + Pn? (except CP + pn)?) with each B, 


a RER ne RE 5 ee : 
(*) Le. 2, is a defined « distribution » in the remaining variables when n= ma. 
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being one of the indices (x,41, ..., %,-1). Hence the function nata depends 
only on those variables (14) g,., belonging to one of the three groups: 


s 


1). dg...p, 18 à partial sum of q,,,, 0.0. P;, occurs in (Ds. Da.) (and 
SEL: 


ii) the partial sums Gs and (Fr have no common summand, 2.6. 
a, Da for any », y; 


iii) q,,..,, 18 a partial sum of gp 


Xp 


As a consequence of this result 


n — (7 men. 2 
Mn: (ax af Bs) vr (da. Be +m ie. anh s-p,=— n 


vanishes identically when gq, ,, does not satisfy one of the conditions 1), ii) 
or iii). In any other case, however, Ga 3, appears as co-ordinate in one of the 
factors of 7,,.,,.,): Hence the product relation can be applied again and 
leads to a product of three 7'-functions for We Donne: 

We now want to determine Pease tg for an arbitrary set of momenta 
diano = Lago We call guy) ++) Lo à normal system when between any two 
Yan? Ua) One of the three relations i), ii) or iii) holds. Repeated application 
of the product relation (10) leads to the result that ne is a product of 
o+1 7'-functions when the qj) +) Qa, form a normal system. When the 
Gin + Ung, 40 not form a normal system, however, SA vanishes iden- 
tically. For formulating precisely the product structure of an arbitrary 
Mn;a)...ag) 16 18 convenient to use some combinatorial tools which we introduce 
now. To an arbitrary normal system 4, +4, We attribute a Feynman 
graph of the following type: 


a) the graph has n external lines, corresponding to the basic momenta 
Diy soon Das 
b) the graph has o internal lines, corresponding to the partial sums q, 


c) the graph is simply connected and has no closed loops. The number 
of vertices is o-+1. 


(14) In general these variables are not independent from each other. As the first 
r+1 


“ 


LU 
factor of Maa,..ap depends on 


do 


n—r-+] 
—1 and the second factor on | )- 1 


, 7 r+1 n—r+1 È f 
independent variables only A + 3 — 2 among the g3,..;, are inde- 


pendent. 
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Given an arbitrary normal system 9); ++) Log We define the corresponding 
graph by the following construction. We start drawing the external line p, 
which leads to a vertex denoted by V,. Let 4, ++) da denote the maximal 
elements within the system 44; «+ 4,3 DY maximal elements we mean those 
q,,, Which are not partial sums of any other q,,, of the system. Let further 
Pos +» Pr, denote all basic momenta (1<b;<n—1) which do not occur in 

if 5 si 
any one of the maximal q,,,. Then we draw from the vertex V, the internal 
lines dg): + das and the external lines p,,, ..., Pa, . 

We proceed constructing the graph as follows. Each internal line g,,, con- 
nects V, with another vertex Vj,. Let 5,5, dg,) denote all maximal ele- 
ments among the partial sums of g,,. Let further p,., Ps,,, --- denote all mo- 
menta occurring in the sum q,,, but not occurring in any q,,,- Then we draw 
from the vertex V,; the internal lines qj»), der and the external lines 

2 12 
DU ue 

Proceeding in this way until any p; is used up we finally obtain a Feynman 
graph of the described type. Apparently there is a one-to-one correspondence 
between the normal systems of partial sums from n —1 vectors and the 
Feynman graphs satisfying a), b) and c). 

In terms of the defined graphs it is now easy to formulate the explicit pro- 
duct form of A When qu, day 18 an arbitrary system. It is 


Tie 


A M Sal 
(16) Maine Pi 000%) Pn) sa (2ri)" II Nn, ( Uy Uye RSS dala =o.) = 
pid 


where each factor 7,, corresponds to a vertex V, of the graph corresponding 


v 


tO dan: ++) dai % i8 the number of lines joining at V,. The variables 
Uno) Um, denote (up to a sign) the momenta attributed to the lines joining 


n 
at V,. The sign of the «,, has to be taken appropriately so that Y w,,— 0: all 
i=1 
external and internal w,, get a positive sign, except that internal ,; which 
contains the other internal w,, as partial sums. Finally all squares q?,, of 
internal momenta are set equal to — m?. 
Inserting this result into the definition of À, we obtain 


ii I 
FS + RARA en oe Ning = Nine 
i) ina, rin È ve 
e>+0 (Qg) + M°— ie)... (CI + m?— ie) 


’ 
2 2 1 . 1 ! 
(Kays … Jp sn are set equal to —m? in oa Nz.) ; 


The sum Ÿ is taken over all Feynman graphs satisfying a), b) and c). The 
G 


product is constructed along the rules given to eq. (16). In addition we have 
to any internal line q,,, a Feynman propagator (gap + — ie)! in (17). 
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Finally we will show that 7, can be expanded in the form (’’) 


2 Arg À 
(13) Nn + An A Di (: 27)" ! lim - FRET ais ZF Ts DR) 
= e>+0 (dg) + m?— de) ... (Qe ere LE) 


qi n are set equal t m? in 4. n, ) 
(Qiao es Lee are set equal to —m? in #, 4...) M). 


when %, is given by (17). For the proof we assume that relation (18) is valid 
for all n<m—1 and derive (18) for n =m. Relation (17) gives 


I I 
y Un, e+ "nr 
Nm = de sa — ] 2700 urli lim - z n —— È 
/ ( jt ) eSP0 (CRA ) a, me — E) Cie ne ie) 


As n,<m—1 we may use relation (18) in order to express nn, by the -functions. 
We obtain the double sum 


Ant 


1 


/ An 
Nie = 46, 1 ie > (ri) ! lim a a CSE 
i > ae ri (ing + m? — ie) .. ACER a ele 


where the summand corresponds to the graph @’. The sum > is taken over 
GIG 

all graphs @ which can be obtained from G by inserting vertex parts. Col 

lecting all terms of the double sum with the same denominator we get 


Mata 
= = Am + | > Oe (2707) GI Itaca È 5 o —— ; 
e—>+0 (Qin + ) Mi VE) oe (Uo,_4) a Me 1) 


where the multiplicity ¢, is 


Cg = (—1) + (1) en + (—1)*7e,, +... + (1)? ¢,,-2- 


Here c,, denotes the number of all graphs with 7 — i vertices from which @ 
can be obtained by inserting vertex parts. It is 


n — 1 
(7) 
hence c,=1 for any graph G. 

Relation (18) represents the desired expansion (11). We have seen that (18) 
is an identity when only 2, is defined by (12). We finally have to check 
whether the coefficients of (18) satisfy the conditions a), b) which we have 
demanded in the beginning of this Section. Condition a) is fulfilled because 
all gî,, are set equal to —m? in the coefficient 


= 4\o—1 
EE ALATI 


(15) The notation in (18) is the same as in (16), (17). 
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That 7, satisfies b) was already shown. Then b) is also true for the coefficients 
À as they are either products of A-functions or vanish identically. 


n; (4)... %G—1) 


3. — Examples. 


For illustrating the general investigations of the last section let us con- 
sider the one-particle structure of 7'-functions depending on 3, 4 and 5 va- 
riables. The #-functions are defined by (see I, eq. (14)) 


N(01%,%) = <TA(x,) A(x.) A(ts) 0; 
(10,030) = <TA(a,) A(a,) A (4_)A (a1) >9—C TA (01) A (00) D TA (13) A (0) 
(19) — perm. terms , 
nie.) = (TA(a)... A(@5)>>— (LA(a) A (a2) A(t:)) KTA(T)A (de — 
— perm. terms. 


Apart from a 6-function the Fourier transforms depend only on the squares 
and inner products of the independent variables: 


(20) O()1 x Pa + Ds) Ns(Pi, pi, Pi Pa) = 


il D: 
w ca Ja da, da, exp [— d(P1%, + Palo + Pa%s)]N(0,02%3); 


(corresponding for 7,, 7;). The variables pì, gi, used in the last section will 
here be denoted by 


Q. 2 2 2 
n = 3: Pis Por Das 
ile O T 0 2 2 
m=d: Pis Pos Dar Pa 
dii = Pit Pis 
2 2 2 
412) G39 Vis È 
m = Re 2 2 2 2 2 
n= 9: Pi; Por Pas Pas Ds» 
ia 2 2 2 2 2 n 
012) Wis Lar ass Year sas din = Pit Pit Dr 
2 MET > 2 eet ai ae O) 
dis = VEETE das rasi VENTE) 435 Pei Vier) (EN ra Ties Li 
In these variables we write the functions 7,, 7, and y: (which are defined 


by eq. (8)) 


na(pî Ds Da) = (pi + MP + m*)(p + m°) n3(p2, DÈ , PrD2) 5 
2 2 2 2 


(21) } (Pi DPI Vis Ue) = (D? + M)... (p? + M?) mA (PE, PP), 
MPI Bedi ++ Gs) = PE), 
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According to (12), (17) we define A-functions by 
99 Dei e lod tie ep 
(22a) AD Pa Ps) = Ns(Pi Pa Ds) è 


(220) Ag (pi: PidieGisq2s) = MPI. Piqie drone) — 
ma(pî, Pa, — M)ms(—m, pi, Pi) 


— lim 2xri = "= 
e>+0 Gia ME 
! alta 2 
na(D} Pay — m*)n3(— mM", Pa, Pa) 
lim 271- — —— — 
e>+0 ie + m?— de 
tip 8 SO) aN 2 2 2 
: .Ns(P2, Ps, — M°)ns— M", Pis Pa) 
9 
— lim 271 SE 3 
e>+0 Q23 = MOUSE 


(220) (pi... Peis + Gis) = Ms(Pi «+. Pia --- dis) — 
ns(pi Pi, — m) Na (— mm’, PI Pas Vas V5 Qu) 


— lim 277i : erm. terms 
E>+0 is +m? — VE P = 
2 pi, — M? mi, pi, — m?)ns È 
+ lim (2xi)° nel Pay is en e) (a M, Par Ds) + perm. terms . 
e—>+0 (qi + M?— ie)(gî + M? — ie) 
PP ZIE 
D me 
gè =-m° qe= -mî q, =-m2 q2 --m° See, x 
dall 
Py P, Pi 
P, Ps 
Fig. 1. - Graphs corresponding to Fig. 2. — Graphs corresponding to 
eq. (225) and (230). eq. (22c) and (23c). 


(The corresponding graphs are drawn in Fig. 1, 2.) These /-functions do not 
have singularities at gi, = —m? any more. Ns) Nay Ms can be re-expressed in 
terms of the /-function (eq. (18)) 


(23a) (D2 pì pi) = A(Pi Ps Ps) » 


(23b) api... Pi Gia dis Vas) = Ma(PÎ ... Pi Gis Gis Gas) + 
SH 3(P15 Pay —m *) As(— m?, Pi, pi) 


8340 Giz + m?— ie 


— 


As(pî, pi, — M) A(— M, pi, pi) 


E a, sr Gis + m? — te 
: À 3(D2 5 Pi, — m°) As(— mò, Pi, Pi) 
+ lim 271 
e—> +0 Gis + m? — ie È 
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I 
(=) 
bo 


(23¢) ns (D? nr Pi de tee is) = As(pi oe Pi Tie wee Qis) == 


2 22 2 2 RO ON VAC MERDA 2 2 
Papi, Pay — M) (M, Ps Pa Ps issus) | perm. terms + 


== lim 27 


E> +0 diz + m? — de 
2 2 2 52 ae 2 ono 
L lim (2xi)° As(pî, pi, — mm”) A(— m7, ps, — M) (— M, Day Ps) | perm. terms 
she ZITY = = = | ; GALE Se 
= (Ro + mi e)(qh, + me — ic) 


These formulae represent the expansions of 74,, 7,, 7, With respect to all sin- 
gularities of the form P(q;,+m?)-1, 6(p;,+m?) and products thereof. 


4. — Extension to several fields and particles. 


The investigations of the preceding sections can easily be extended to models 
with several fields and particles (including stable bound states). As an example 
we discuss here the one-particle structure of some Green’s functions associated 
with various two-particle scattering processes. We consider the model of a 
charged scalar field y(x) interacting with a neutral scalar field A(x). The field 
operators are as usual assumed to be invariant, causal, complete, etc. We 
further demand that the system have the discrete (non-vanishing) mass values 
x, m amd M corresponding to the charge values 0, 1 and 2. The corresponding 
particles are called «meson », «nucleon» and «deuteron». All particles are 
assumed to be spinless. 

We consider the three 7-funetions 


T = (Ty(x) ply) Ae) A(e)>o, 

T= Ty) plus) PY) PYe2)>05 
t= (Ty (a) pla) A(y) B(e)» 

with the deuteron field operator B(x) defined by 


Ty(x + È) p(w — È) 

oe ‘0, T(E) p(—€)®) ’ 
where ® is the deuteron state at rest. We split off the vacuum singularities 
by forming 


(24a) n°} 95 2x22) = Pyle) Ply) Ale) A(e)>o — (Ly(a) BY)» TAL) A(e2))e 
(240) Moraes Ya) = CTC) ya) DU) FU) 

— <Prp(%1) Pi) Types) PY2)>0o— Ty) PYa)>0< Ly (#2) P(Y1)>o 5 
(240) (0105 Ys 2) = Td) plan) A(y) Ble)>o , 


ò(P1 + Po + Pa + Pa) 14 (F1 Da Ds Da) = 


12 


Cl 


dl 
= gn | tm dx, da, dx, exp [— pit, + ... Pa ta) | n see Uy Vg D) + 
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We further remove all one-particle singularities in pj, pì, p3, Pi by applying 
the corresponding Klein-Gordon operators 


| nal; 43 Kiko) = (p? + m2)(q? + me) + 22)(k5 + 2°) mp 3 5 babo), 


+ 
Ma (Pipes dla) = (Pi + m?)(py + md + m*) (qs + M?) mi (P1P23 Uda) è 
| ME (pis; ki; q) = (pi + m°)(pà + m2)(K® + K?)(q? + M?) ni (Papa; E; d) . 


The remaining one-particle singularities of these functions can now be studied 
in a manner analogous to that of Section 2. We obtain the relations 


(26a) ip; 43 M) = Alps 43 baka) + 


NNM ( 


| 
a 


2. 2. 7,2\ qNNM DR aw) 
+ lim 2xi Pia fe 30; ke) 
e>+0 (p e) - m2 — te 


As ™( p? : — iii TE m* ; id; ki) 
+ lim 2ri - 2 ; 
e>+0 (p ky)? m* ie 


4- 


MITE (pts gs — 2°) Ag (Ki, ka, — 2?) 


2 


= him 277 DS se Le aa, 


340 (p 4g)? a — de i 
pk rn PA /q 
_m? _m? I #2 { 


Nucleon Meson 
g/ “ka g/ Ky hi “ka 


Fig. 3. — Graphs corresponding to eq. (26a). 


(260) Na (Pa Pa; Gdo) = (Pi Pa} Hd) + 


tm ai ADP: — MA, — MI) 


e>+0 (Dy = Pa) PME 
+ lim 2xi sa gi; — A Da q23 =H?) 
et 0 (pi +) + x — de | 


An, gi; — 22) (p?, gi; — 2 

+ lim 2rri — er 91 di ERE , 
E> +0 (Pe += Gi)? Pete 

P, D; ii Pa ist 


Sn le 22 Le 22 Î 
Q A Deuteron 
9, p PI“ P, % 


Fig. 4. — Graphs corresponding to eq. (260). 
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(260) ne (pp; kl; A) = Aa (PP D+ 
pe are Pos Pai M°) Ae (= - M°; q?; k?) 
D] sae mf 
i ae si (Di dr D2)? 4 M? — ie di 


la me; k®) 120 (— m?, pi; 9’) 
di 


+ Jim 271 


pa + FE mt — ie 
Ao ia Ke) AC mm, pi; 9°) | 
e>+0 (p, + k)? + m?— ie 
A P; P, FAAS p> wk 
-M2 -m, n 
ti loge ey 


Fig. 5. — Graphs corresponding to eq. (26c). 


Here 2, and the residua do not contain any one-particle singularities. The 
factors of the residua are identical with the so-called vertex functions: 
N (pi pa ps) = (ps + mi + mp + mz) Ny (pi Pe Ps) ; 


tik 


(27) d(pi+ po + ps) 73"(pipsps) = 


Il ; 
= as fd da, dx, exp [— 1(p,%, + ... + Pats)] TA:(m) A;(0.) Ax (23)>o05 


where i, j,k =N, N, M, D, D 


I am grateful to Professors M. Frerz, V. GLASER, H. Joos and many other 


physicists for helpful discussions. 
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Le funzioni di Green ordinate temporalmente vengono sviluppate per le singo- 


larità che nascono da stati intermedi ad una particella. 
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Summary. In order to derive in a convincing manner the formula of 
Goldberger and Treiman for the rate of charged pion decay, we consider 
the possibility that the divergence of the axial vector current in B-decay 
may be proportional to the pion field. Three models of the pion-nucleon 
interaction (and the weak current) are presented that have the required 
property. The first, using gradient coupling, has the advantage that it is 
easily generalized to strange particles, but the disadvantages of being 
unrenormalizable and of bringing in the vector and axial vector currents 
in an unsymmetrical way. The second model, using a strong interaction 
proposed by ScHWINGER and a weak current proposed by POLKINGHORNE, 
is renormalizable and symmetrical between V and A, but it involves 
postulating a new particle and is hard to extend to strange particles. 
The third model resembles the second one except that it is not necessary 
to introduce a new particle. (Renormalizability in the usual sense is 
then lost, however). Further research along these lines is suggested, 
ineluding consideration of the possibility that the pion decay rate may 
be plausibly obtained under less stringent conditions. 


(*) Supported in part by the Alfred P. Sloan Foundation and by the United States 
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1. — Introduction. 


The decay of the muon is the only process known experimentally in which 
the weak interactions can apparently be studied without complications due to 
the strong interactions. The electromagnetic corrections, moreover, are finite 
and have been calculated (1). All evidence so far supports the correctness of 
the following Lagrangian for the interaction: 


(1) Zn decay) == ee G, Py, (1 + 75) é] [v’y (1 + y;)4]" + Herm. conj. 


(The two neutrinos involved have been denoted by different symbols » and 1’ 
because we are not certain that they are identical, although they are both 
massless and they exhibit the same helicity). The value of the constant G, 
can be determined from the rate of decay of the muon according to the for- 
mula: 


(2) T,= (192 *)~* Gm), (0.995 6) , 
which is well known, perhaps with the exception of the final factor, which 
gives the electromagnetic correction computed in Ref. (1). If we take (?) the 
muon lifetime /* to be 2.208 + 0.003-10-5s and the mass m, to be 


U u 


106.65 + 0.01 MeV, then we get for the dimensionless quantity Gm; the value: 


Gm; = 1.204 + 0.001102, 


where m, is the proton mass and our units are such that h=c=1. 

Now let us turn to those leptonic weak processes in which baryons and 
mesons are involved (bringing in the strong interactions), but in which there 
is no change of strangeness (AS= 0). Experimentally, we deal with nuclear 
B decay (including A capture and inverse ® decay), muon capture by nuclei, 
and the decay of the charged pion. It appears that all these processes can 
be described by an interaction Lagrangian of the form: 


(GB) Yu. = 27° E(V, + PI, + y,)e +79, (1 + y,)u]* + Herm. conj., 


where V, and P, are vector and pseudovector currents which can transform 
neutron into proton. As has, of course, been remarked (2), the experiments 


(1) S. M. Berman: Phys. Rev., 112, 267 (1958). 

(2) Private communication from V.L. TeLEGDI on the work of the Chicago group. 
(*) R. P. Feynman and M. GELL-MANN: Phys. Rev., 109, 193 (1958). 

(7) E. C. G. SUDARSHAN and R. E. MARSHAK: Phys. Rev., 109, 1860 (1958). 
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suggest that G(V,+P,) is very much like G,py,(1+y,)n, so that the weak 
interactions are essentially « universal» in their strength and form for the 
pairs ve, vu, and pn. However, G(V,+,) need not be precisely of the form 
indicated; there may, for example, be other terms. It is with just this ques- 
tion of the structure of the currents, especially of P,, that we are con- 
cerned here. 

For the sake of definiteness, let us agree that the coefficient of py,n in V, 
is unity—that is our definition of G. We also assume that the coefficient of 
Py,y; in P, is unity. 

Because of the presence of strong interactions, we do not necessarily observe 
G directly. In the B decay of the neutron, for example, we can measure the 
matrix elements of GV, and GP, between free nucleon states with very little 
momentum transfer (< 1 MeV). In this limit we have: 


(4a) Gip|V. ln > Gut, Lu, 


(40) Gp | E, lm > — GUT, y Vols) 


where G, and G, are the conventional Fermi and Gamow-Teller coupling con- 
stants of nuclear 8 decay and wu; and u, are the initial and final free nucleon 
spinors. 

It is well known that the experimental value of G, is remarkably close to 
that of G, and an explanation (*) of this fact has been offered based on two 


theoretical hypotheses: 
a) Exact « universality » of strength: G=G,. 


b) The conserved vector current theory (*5) of V,, which gives G,=@ 
(apart from electromagnetic corrections) as a consequence of the vanishing of 
the divergence 0,V,. 


So far the best evidence for this point of view is the ft value of the decay 
of 0, which is predicted to be 3001+ 6 on the basis of a) and 6) and the value 
of G, quoted above, while the experimental result (5) is 3088 + 56. The 
theoretical prediction is subject to error only from the experimental muon 
lifetime and mass and from electromagnetic corrections to the decay of !‘0. 

There is, of course, some discrepancy between theory and experiment, which 
is made worse if we accept Berman’s estimate (1) of the electromagnetic cor- 
rections, which reduces the predicted ft value to 2917. If we take seriously 


(5) S.S. Gerster and J. B. ZeLpovicn: Zurn. Eksp. Teor. Fiz., 29, 698 (1955) 
(translation: Sov. Phys. Journ. Exp. Theor. Phys., 2, 576 (1957)). 

(6) D. A. BromLEy, E. ALMQUIST, H. E. Gove, A. E. LITHERLAND, E. B. PAUL 
and A. J. FERGUSON: Phys. Rev., 105, 957 (1957). 
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this number, the experimental value, and the conserved vector current hypo- 
thesis, we obtain G/G, = 0.97 + 0.01 rather than unity (*). 

Other tests of the theory have been proposed (*7) but not yet carried out. 
For the time being, let us suppose it to be correct and go on to inquire about 
the form of the pseudovector current P,. 

At one time it was suggested (3) that here too the renormalization factor 
might be unity. Some effort was put into a search for theories in which that 
would be true. Certain authors tried to find theories in which P, would be 
divergenceless, by analogy with the vector case. The following points are 
now clear in connection with this type of investigation: 


A) Experimentally (8) the quantity — G,/G, is 1.25 + 0.06, so that the 
axial vector renormalization factor is not unity, although it is not very far away. 


B) The divergence 0.P. of the axial vector current cannot in any case 


a © 


be zero, because that would make the rate of decay of the charged pion 
vanish (°). 


C) If, in some particular theoretical model, there is a limit in which 
0,P, is zero, it is a delicate limit in which, for example, the nucleon mass or 
the pion mass vanishes; and the question of whether in this limit — G,/@ is 
really unity must be carefully investigated for each model (1). 


D) No one has found a theory in which a reasonable calculation of 
— G,/G can be made with present methods. 


(*) Note added in proof. — Should this discrepancy be real, it would probably indi- 
cate a total or partial failure of the conserved vector current idea. It might also mean, 
however, that the current is conserved but with G/G,<1. Such a situation is consi- 
stent with universality if we consider the vector current for AS=0 and AS=1 toge- 
ther to be something like: 


GV, + GVH) = Gipyaln +eA)(14)#+..., 


and likewise for the axial vector current. If (14+e2)-*=0.97, then e2=.06, which is 
of the right order of magnitude for explaining the low rate of B decay of the A par- 
ticle. There is, of course, a renormalization factor for that decay, so we cannot be sure 
that the low rate really fits in with such a picture. 

(9) M. GeLL-MANN: Phys. Rev., 111, 362 (1958). 

(8) M. T. Burey, V. E. Kroun, T. B. Novey, G. R. Ringo and V. I. TELEGDI: 
Phys. Rev., 110, 1214 (1958). See also C. S. Wu: Rev. Mod. Phys., 31, 783 (1959). 

(*) J. C. Tayror: Phys. Rev., 110, 1216 (1958); M. L. GOLDBERGER and S. B. TRFI- 
MAN: Phys. Rev., 110, 1478 (1958). 

(°) R. J. Brin-Stoyte: Nuovo Cimento, 10, 132 (1958); S. OkuBo: Nuovo Cimento, 
13, 292 (1959). 


32 


abiti 


THE AXIAL VECTOR CURRENT IN BETA DECAY 709 


Despite the lack of suecess of the program just discussed, it has turned up 
at least three models in which @,P,, instead of vanishing, is proportional to 
a component of the pion field. This relation is interesting, not because it ex- 
plains why — G,/G is fairly close to one, but because it gives a relation between 
the value of —G, and the rate of decay of the charged pion. 

The connection of the formula 

ia 
(5) Og Py = 5 
with the rate of pion decay was discovered originally (*) for a particular model, 
in which the pion-nucleon strong interaction has the gradient form. 

Our work on this model is an extension of that of Norton and WATSON (1) 
ANG een LA VeoRi(#): 

The formula relating — G, to the charged pion decay amplitude is essen- 
tially the one proposed by GOLDBERGER and TREIMAN (!*), which gives re- 
markable agreement with experiment. We shall derive, in any theory for 
which eq. (5) is valid, an exact formula for pion decay, to which the equation 
of Goldberger and Treiman is a very plausible approximation. 

We shall then investigate three models of strong and weak couplings of 
nucleons and pions that yield eq. (5). AIl of these models present some diffi- 
culties, however. None is a really convincing theory. We must therefore 
come back to the question of whether eq. (5) is really necessary in order to 
derive the result of GOLDBERGER and TREIMAN in a convincing manner. 


2. The rate of charged pion decay. 


Suppose we have a theory of the strong interactions and a definition of 
the axial vector current such that eq. (5) holds. Then the matrix element 
of P, for negative pion decay may be written: 


ae 
NOM 


(6) (OP Hire aaa, 

where q, is the four-momentum of the pion, since, on taking the divergence 
of both sides, we get back just eq. (5) between the pion state and the vacuum. 
Note g —=—m;. 


(*) By R. P. Feynman, with some assistance from one of us (M. G.-M.). 

(1) R. E. Norton and W. K. R. Warson: Phys. Rev. 110, 996 (1958). 

(2) J. C. TAYLOR: quoted in ref. (1°). See also R. F. STREATER and J. C. TAYLOR: 
Nucl. Phys., 7, 276 (1958). 

(18) M. L. GorpperGer and S. B. Treiman: Phys. Rev., 110, 1178 (1958). A recent 
criticism of their paper has been given by R. F. SAWYER: Phys. Rev., 116, 231 (1959); 
like us, SAWYER seeks a better derivation of their result. 
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The pion field operator (x) may be written as the product of a field 
renormalization factor, conventionally called VZ:, and the renormalized ope- 
rator x, (x), for which the matrix element between the pion state and the 
vacuum is just the same as that of a free field between afree particle state and 
the free vacuum. So we have for the matrix element of P, in pion decay 
the following formula in terms of a VAE 


aN Lod alert 
(7) 0| Pa) a> = oe 0 | 2, (€) | 


Now we may also evaluate — G,/G in terms of a/Z;. We take the diver- 
gence of both sides of eq. (4b) in the limit of very small momentum trans- 
fer % (final momentum minus initial momentum) and we have: 


(8) Gip|6,P.|n> +> — G,(— 1k, ) 0, try vu, = 2m(— GE) UT, V5 %; y 


where m is the nucleon mass. If we are to apply eq. (5) we must calculate 
<p\a-|n> in the limit of zero momentum transfer. Now in the neighborhood 
of X° — —mì, we know this matrix element to be expressible in terms of the 
renormalized coupling constant g, as follows: 


(9) ‘pla In & VAR + m2) 1 iW 2 9,0 T. Ve Uy « 
T SAAS RICO 


To make this formula correct at all values of k?, we must simply replace the 
free propagator (4° -+ mi)! of the meson by the exact renormalized propa- 
gator, which we may call (k°+m2) !d_(k°), and the free vertex 7,y, by the 
exact renormalized vertex, which we may call ty; F(k°). The «form factors » 
d_(k?) and F(k*) are both unity at kh? — —m_. We have, then, as k? +0, 
the result: 


(10) pla Pin) = = << d,(0) F:(0)è V2g,U;t49Y;U ; 
dx 


Comparing this equation with eq. (8), we find: 


Leti 3 
(11) A de Mi, | Ca MET a 
Yi G } d,(0) F(0) 


The unknown quantity in our formula (7) for the pion decay matrix element 
is now evaluated and we may calculate the rate of the process 7- > u- + y 
? 


iw 
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which gives essentially the reciprocal lifetime of the charged pion: 


gi \=1 nt mi, mi \? à 
a) (G,m?)?m, i (1 — >. [d,(0) (0)? . 


(12) r,= | 1622 


Except for the final factor, this is the same as the formula given by GOLD- 
BERGER and TREIMAN (1%), Their derivation, based on the conventional pseudo- 
scalar theory of the strong interactions and the conventional definition py, y,n 
of the current P,, involves several violent approximations which are not 
really justified. The formula, however, is in excellent agreement with experiment. 


The measurements (1') give: 


Ta 
(13) = (1.84 + 0.04) 107", 
while eq. (12) yields: 
(14) eed 0) Peet (labo 0.2) 210-6 


with g{/4a =15 + 2. 

In the work of GOLDBERGER and TREIMAN, it was very mysterious that the 
agreement of the figures should be so close. If, however, eq. (12) is derived, 
as above, from a theory in which eq. (5) holds, then the discrepancy is to be 
attributed solely to the form factor [d_(0)_(0)]-?, which we know equals unity 
when the argument is — mì. We would not be surprised if at zero the 
departure from unity amounts to only twenty percent or so. 

We must be careful not to exaggerate the advantage of models in which 
eq. (5) holds. It can be shown (*) that in any theory that predicts a non- 
vanishing rate of pion decay we can obtain an exact equation analogous to (12), 
with the form factor d_(0) F_(0) replaced by a general «form factor» (0), 
where +, like d_F., equals unity at the value — mz of its argument. The dif- 
ference between one theory and another lies merely in the question of whether 
this general «form factor » @ is likely to be slowly varying. If the theory is 
such that eq. (5) is valid, so that g = d,F., then it is not unreasonable that 
œ be slowly varying. In the conventional theory, where g is something much 
more complicated, the conclusion is. much less plausible. In any case, we 
cannot exclude the possibility that the formula of Goldberger and Treiman 


(14) As listed by K. M. Crowe: Nuovo Cimento, 5, 541 (1957). 
(*) See forthcoming article by BERNSTEIN, FUBINI, GeLL-MANN and THIRRING. 
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is approximately valid even in the conventional theory, for which they tried 
to derive it. 

In the subsequent sections, we shall study models in which eq. (5) actually 
holds, but we must bear in mind the question of whether such an assumption 
is really necessary in order to explain what seems to be an experimental fact, 
that g(0) is close to unity. 

In order to study the models conveniently, and in order to show the relation 
between the vector and the pseudovector currents, let us now review some 
formalism. 


3. — The divergence of a current and gauge transformations ('°). 
Let us consider a theory of the strong interactions derivable from a Lag- 


rangian density £ expressed in terms of field components y; and their first 
spatial derivatives 0,y,. Then the equations of motion of Lagrange are (*): 


i AAA EE — à, 


Suppose we now subject each field component y,(v) to an infinitesimal 
local gauge transformation: 


(16) pile) > pv) + A(x) F,[yr(@), p(w), ...]. 


with a gauge function A. Then we may examine the variation of Z under 
this change and we find, always to first order-: 


LI SL 


17 PE 
BD È 545,44: 
where 
DE OY DE 

18 a apra ee er 
(18) SAT Se, i Sa ero 
and 

Ao) SL SL F,. 


9,04 — 30. 


(5) Our point of view in this section has much in common with that of & . GLASHOW: 
Nucl. Phys., 10, 107 (1959), as well as that of S. BLUDMAN: Nuovo Cimento, 9, 433 (1958). 
See, also, the earlier work of J. SCHWINGER: ref. (657 

(*) Our discussion is classical. We ignore certain complications that may arise in 


quantum mechanies from the non-commutation of boson fields and their canonical 
momenta, making necessary a careful ordering of the operators. 
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Using (8), (11) and (12), we see immediately that we have Lagrange’s equation 
for A(x): 
O O 

20 SR 
Hu dA SO GA 

Now suppose that under a particular transformation with infinitesimal 
gauge function A taken independent of co-ordinates, the Lagrangian Z is 
invariant. Then $¥/SA vanishes and thus: 


(21) Or 


We may then identify $.£/30, A as the current which is conserved as a result 
of the invariance of the theory under the gauge transformation with con- 
stant A. 

Consider, for example, the conservation of baryons. Let each baryon field 
acquire a factor (1+7A,(x)), while the meson fields are left unchanged. The 
baryon current o 5/50 A, is then conserved. 

For conservation of charge, we let each field acquire a factor (1+i1QA,(7)), 
where @ is the charge destroyed by the field. The Lagrangian is chosen in- 
variant under this for constant A,. The electric current & 37/50 A, is then 
conserved. 

We note that we are working only with the Lagrangian of the strong inter- 
actions; that is to say, we are ignoring all higher effects of the electromagnetic 
field. We are therefore not concerned, at the moment, with the more general 
gauge transformation that includes photons and that also leaves the electric 
current exactly conserved. 

For conservation of isotopic spin, we consider rotations in isotopic space 
with an isotopic vector gauge function uw. For example, for the nucleon field 
N(x) and the pion field 7(x), we have: 


N->(1+it-u)N, 
(22) 


Tto>T_-2UuXrT. 


With the Lagrangian invariant under these rotations for u constant, we have 
conservation of the isotopic spin current x 3Z/50.u. 

In the conserved vector currentstheory of the weak couplings, V,(a#) is 
simply the + component of an isotopic vector current W(x) which is equal to 
the isotopic spin current: 


(23) Va)=i = Nry,N4+ 2inxan+..., 
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where the terms we have written explicitly come from the free Lagrangian 
of N and x. 

Now for the axial vector weak current P(#) it is reasonable to suppose 
that it too is the + component of an isotopie vector P (x) which can be ge- 
nerated from Z by a gauge transformation with a gauge function v(wv) that 
is a pseudoscalar in space and an isotopic vector: 


(24) P.(a) =? > 


We are not, however, free to suppose that this current is divergenceless, 7.e. 
that the Lagrangian is invariant under our gauge transformation with con- 
stant v. Thus in place of the conservation law (14) we must use the more 
general formula (13), which gives us for the divergence of the pseudoscalar 
current the result: 


(25) Qu == ee x 
Ov 


Let us take as an example the conventional pseudoscalar theory of nucleons 
and pions with Lagrangian density: 


(26) MO 190 T° Ty) N e al A (me 


= 


If we wish to have for our axial vector current P, just the simple form N TY Ns 
x 
then we take for our gauge transformation the following: 


N->(1+it-:vy;)N, 
A SEB ce 
We then obtain for d,P, the result: 


DA 
dv 


= 2m,Nry,N —2ignNN . 


If the gauge transformation is chosen instead to be this one: 


NC dea NE 


2M, 
Te ae 
0 
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then P, is Nty,y; N — (2im,/9) 0,7 and its divergence is: 


3 = DNS 84M . 
ART Sonim — 7x. 
dv Yo Io 


In neither of these two cases does the divergence seem to have any simple 
properties. It, however, we change the theory of the strong interactions, we 
may find a gauge transformation that yields an axial vector current with a 
simple divergence; in fact we may find a current for which 


OP == 10%0, 


x x 


giving eq. (5) and implying eq. (12) that explains the pion lifetime. 
Evidently what we require is a Lagrangian for which there is a gauge 
transformation with pseudoscalar gauge vector v such that: 


(23) cati 


For constant v, then, the Lagrangian must be nearly invariant, with the gauge 
transformation adding only the term a n-v. 
Let us now examine the models so far discovered in which that happens. 


4. — The gradient coupling model. 


The first model to be found makes use of the gradient coupling theory. 
If we treat just nucleons and pions for simplicity, the Lagrangian is: 


AT, À e = er 2 272 
(29) Pi = — N(y0 + Mo + dot: Cy Ty Ys) N ( a a 


Except for the last term it is invariant under the gauge transformation: 


N->N, 
(30) 
RTC D; 


when v is constant and the last term gives just am-v with: 


(31) a=—<. 


39 
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The current P, is, of course, given by: 


GM; V2 
= LAO) (0). 
(33) ser d(0) P_(0) 


where f, == 4,/2m is the renormalized version of f,. This relation can, of course, 
be proved directly for the gradient coupling theory with the axial vector cur- 
rent given in (32). In fact, there are two independent relations in the theory: 


G. 
(34) n > = Fr(0), 
di fov Zs 
and 
Z 2 
(35) = d0) 1, 


the product of which gives eq. (33). Both are easy to prove. The first follows 
from the similarity of the weak pseudovector current and the source of the 
pion field. (The term in 0,7 in the weak current contributes nothing at zero 
energy.) The second relation obtains because at zero momentum the correction 
to the free meson propagator vanishes, since the source of the field is the 
divergence of Næ+y y, N. 

The gradient coupling model has two weak points. First, as is well known, 
there are violent divergences in every term of the perturbation expansion. 
Tf these were to be expressed as renormalizations, it would require the renor- 
malization of an infinite number of parameters. Of course, we could simply 
introduce a cut-off, but then all quantities of physical interest would depend 
strongly on the cut-off (at least in the perturbation expansion) and the formal 
manipulations of the theory, such as we have carried out above, are not ob- 
viously meaningful. 

The second point, which might not be serious, is that in our introduction 
of the weak currents by the gauge transformations (22) and (30), there is no 
similarity whatever between the gauges that generate the vector and the 
pseudovector currents. In the transformations (30) the term », y, in the weak 
current for the nucleons is generated from the coupling term of the Lagrangian 
(29), while the corresponding vector term y, is, of course, generated from the 
free Lagrangian. 
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Yet we have evidence that the weak interactions are symmetrical be- 
tween V and 4, particularly their apparent equality of strength and the fact 
that for the leptons, which have no strong couplings, the weak coupling is 
just y,(1-+-y5). 


5. — The o model. 


We have another example of a theory in which eq. (5) holds, if we take a 
Lagrangian for the strong interactions that is essentially one proposed by 
SCHWINGER (1%) and then for the axial vector current the form suggested by 
POLKINGHORNE (1°). 

Again, for simplicity, we restrict ourselves to nucleons and pions only, 
except that we introduce (following SCHWINGER) a new scalar meson o, with 
isotopic spin zero. It has strong interactions, and thus might easily have 
escaped observation if it is much heavier than x, so that it would disintegrate 
immediately into two pions. It would appear experimentally as a resonant 
state of two pions with J=0, I — 0. 

We take for our Lagrangian the following one, which leads to a renor- 
malizable theory of the strong interactions: 


(38) <= — Niyd + mo— goto + ire) N — LTL (00) _ Hom! 


where fo = 90/2. 

We have the usual pseudoscalar theory of the pion, with the o added in 
a rather symmetrical way. The nature of the symmetry is made much clearer 
if we perform a translation of the field variable o and re-express the Lagran- 
gian in terms of the variable: 


(37) o'=0 L 
a 210. 
We have: 


(oO Co Ut 


2 2 2 


(38) Z,=—Nfy0—gio +ir ny) N 


(16) J. ScHWINGER: Ann. Phys., 2, 407 (1957). 
(17) J. C. PoLKINGHORNE: Nuovo Cimento, 8, 179, 781 (1958). 
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apart from an additive constant. It is evident at once that only the last term 
breaks the symmetry under the gauge transformation: 

N=>(14ix-vy;)N, 
(39) T>T-2v0', 

o'->0"42v:n, 
with © constant. It is easy to see also that if the last term were absent the 
symmetry (39) would prevent the nucleon having any mass. 


We now construct the pseudovector weak current from the same gauge 
transformation. We find: 


10e ‘Mi 
40 —— =—{i7r 
( ) Sv fo ? 
so that eq. (27) holds with 4 ——;#/f, as for the gradient coupling model. 
The current P, comes out: 
(41) P, = Nry,y,N + 2i(o' 0,7 — mà) = 


= Nry,vsN + Dio 0,7 — TT, 0) = a È 
0 


This time the gauge transformation that yields the axial vector current is 
closely related to the one (eq. (22)) that gives the vector current. Together, 
in fact, they form the generators of the rotation group in a four-dimensional 
Euclidean space. It is evident that, apart from the last term, the Lagrangian 
of eq. (38) is invariant under these four-dimensional rotations when the fune- 
tions # and vw are constant. The last term breaks the four-dimensional sym- 
metry, but leaves the three-dimensional symmetry unchanged. 

We may, if we like, consider a rotation in four dimensions that is a product 
of the rotations (22) and (39) with u=v=w. We have: 


N->[14 it-w(1 +y)IN, 


(42) Tn-na_-2wo—2wXqr, 
o >o' + 2w-:1. 
Tt is this rotation that generates the complete weak current P + V.. 


We see that if the mesons are taken out of the theory, then the transfor- 
mation (42) works only on the free nucleon Lagrangian and we generate a weak 


current equal to Nr (1+y,)N, which resembles the lepton weak current. Thus. 
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the lack of symmetry between V and A mentioned in connection with the 
gradient coupling theory is not present here. 

We don’t have the divergence difficulty either—the present model is fully 
renormalizable. Moreover, the various matrix elements of the weak current 
seem to come out finite as well; even the renormalization factor — G,/G is 
finite (*). 

Note that since a = — if, in both theories, eq. (33) is valid for both. 
(At first sight, it may look as if the individual theorems (34) and (35) also 
hold in the o model, but in fact they don’t work in perturbation theory.) 

In view of eq. (33), which expresses — G,/G in terms of several divergent 
quantities, it may appear rather remarkable that it is finite. In particular, 
the reader may wonder what cancels the quadratic divergences of uj/mî. The 
answer is that j/f, is the product of g,/g, and m,/m, and that in the o model 
the quantity m,/m, possesses quadratic divergences, even in second order. 
They come from «tadpole » diagrams in which a o meson, emitted by the 
nucleon, turns into a nucleon and antinucleon that eat each other. It is the 
scalar, [= 0 quality of o that makes such diagrams possible. 

The c model, although it has some agreable features that we have men- 
tioned. is quite artificial. A new particle is postulated, for which there is no 
experimental evidence. It is true that if o had a high enough mass it would 
not be easily detectable and that the theory allows for different 7 and o masses, 
but we know of no theoretical reason for the mass of c to come out very high. 

The fact that the o coupling is responsible for the nucleon mass is a curious 
property of the model. Unless we can explain all masses, or at least all baryon 
masses, in a similar way, it is not very satisfactory. 

In any case. we are faced with the problem of extending our invariance 
under the v transformation to the strange particles. If we want to preserve 
the relation (27), we must add no new terms that violate the invariance for 
constant v. 

Unfortunately the invariant coupling of x and 6’, which we have used 
for the nucleon and which gives the nucleon mechanical mass through the 
coupling to o’, cannot be applied to an isotopic singlet or triplet like the A 
and =. We may, of course, make use of global symmetry (1%) or a restricted 
version of it in which A and & are degenerate, so that they can be treated as 
a pair of doublets. But then all onr theorems are approximate, violated by 
the mechanism that splits A and X; and the idea that the splitting interactions 
are «medium strong » and not very important has not received much exper 
imental support. 


(*) J. BERNSTEIN, M. GELL-MANN and L. Micnez: Nuovo Cimento, 16, 560 (1960). 
(18) M. GeLL-MANN: Phys. Rev., 106, 1296 (1957) and-J. SCHWINGER: ref. (16). 
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6. — The non-linear model. 


Let us consider the possibility of modifying the o model by making the 
c field a function of the + field rather than the field of a new particle. We 
want, however, to preserve the invariance (in eq. (38)) of the strong inter- 
action Lagrangian £, (except for the term — (y,/2f,)o') under four-dimen- 
sional rotations among z,, %,, a, and o’. Thus the only condition we can 
apply to x and o’ is the condition: 


(43) mé + o'? = 0%, 


where 0 is a constant. If we define g, to be positive, then we must take the 
negative square root for o’: 


== Y2 2 
Cr V Oa", 
in order to have a positive mass term for the nucleon. If, when g, tends to 


zero, this mass term is to be simply m,, then C? must be 1/4f2 so that gv C2 =m). 
We have, then, 


ELI 

1/1 Ice 

(44) o'= [an MAIA 
4fo 2f, fo 


Instead of the Lagrangian £,, we have: 


R — jis Ni ‘cl La y N (Or)? (00°)? Ho 4 
(45) Ps — | N[y 0 — 9,(o'-+ it-my,)] N —- Da Ios Of, > 
r bra a 
oO = Ce. à 


to within à constant. 

This Lagrangian can also be derived by another, slightly more general, 
method. We can modify the usual pseudoscalar coupling theory by changing 
every constant into an arbitrary function of 7°: 


Li = — Nyon mix) NN + ign?) Ny,t-aN pn) Et Fin?) 0 
with 
F;;(n°) = f(z?) 04; = AU) Iii + 


This general expression contains five different functions of x? instead of only 
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one as in the previous derivation (i.e. 0'(7°)). We now require that equations 
of motion have as a consequence eq. (27), and that CA tend to the usual pseudo- 
Scalar coupling theory when go ->0. It then follows that the five arbitrary 
functions are determined uniquely by these requirements and that the cor- 
responding Lagrangian coincides with Z, to within a constant. 

The new Lagrangian represents a theory of the strong interactions of nu- 
cleons and pions different from both the gradient coupling and the pseudo- 
scalar coupling theories. We may re-express it as follows: 


(46) Y,=— N[yo+mv1 — 4fin? — iggt my JN — 


(Om)? — 2folte-a,7]? | w 
2 1— 4fin?  4f 


(VI 4for? — 1), 


again to within à constant. Expanding the Lagrangian to first order in the 
coupling constant, we have just the pseudoscalar coupling theory, but the 
remaining orders modify the interaction and destroy its renormalizability in 
perturbation theory (*). 

Tt is conceivable that the theory may somehow be renormalizable anyway. 
Suppose we consider the Lagrangian Z,, which is certainly renormalizable, 
aud express all the various amplitudes as functional integrals over classical 
field variables x and co’. The results of the new theory are obtained from those 
of the o theory simply by incorporating in the functional integrals a d-funetion 
of o/ + V1/4fz—x?. It is hard to see how this restriction of the integrations 
can really render the theory more singular. 

We may think of the restriction 2°-+o7 = 1/4f? as resulting simply from 
a choice of the parameter 4, in the Lagrangian £, of the o model. If we take 
À = + co, then that corresponds, at least classically, to an infinitely steep 
potential well for the quantity a? +0°— (1/4f%), confining it to the value zero. 

It should be noted that in the non-linear theory the higher order corrections 
to the pseudoscalar coupling Lagrangian are perhaps such as to improve agree- 
ment with experiment. We know that in the pseudoscalar theory in second 
order the scattering length for zero-momentum, zero-energy pions on nucleons 
is — g?/m, while experimentally the low energy S-wave z-N scattering ampli- 
tude without charge exchange is very small. We can see, though, that in the 
Lagrangian £; the second order term 2mf NN Just cancels out the second 
order effect of the first order coupling. It seems that the cancellation of ob- 
noxious terms like g?/m, g'/m, etc., occurs to all orders. 


(*) J. BERNSTEIN, M. GeLL-MANN and L. MicHeL: Nuovo Cimento, 16, 560 (1960). 
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There is perhaps some hope, then, that the non-linear Lagrangian might 
lead to a small S-wave x-.N scattering amplitude without charge exchange 
in perturbation theory. The lowest order S-wave amplitude with charge ex- 
change is in any case of the right order of magnitude, as in the pseudoscalar 
and gradient coupling theories. 

The other new term that appears in second order is — 2fi(m- dr) — 
— (2/2) R(x*), which describes 7-7 scattering with an unrenormalized ampli- 
tude of the order of u2f?; it is interesting that Cozw and MANDELSTAM have 
considered x-x scattering with a renormalized amplitude of the order of m2f;. 

In the non-linear model, the construction of the weak currents by gauge 
transformations from the strong coupling Lagrangian goes through much as 
in the c model. The important features are that the vector current is still 
divergenceless, the divergence of the pseudovector current is still proportional 
to the x field, and the gauge group is essentially the same as before. 

It should be added that the 7 field used here is not of the usual type, 
since |7|< 4f,. We can transform, however, to a more normal pion field TT 
by a simple substitution such as m — (1-+ fn?) 1. Of course 0,P, is still 
proportional to 7, not to t. See BERNSTEIN, FUBINI, GELL-MANN and THIRRING 
(loc. cit.). 

This third model belongs to a class of theories recently discussed by 
GÜRSEY (1°), who has particularly emphasized the four-dimensional rotations, 
although he has not considered isotopic rotations that are functions of space 
and time. 


7. — Symmetry operators of the models. 


The symmetry properties of the models can best be exhibited in terms of 
the operators that generate the gauge transformations which, in turn, gene- 
rate the weak current P +W. Let us consider the truncated version of each 
theory in which the term in the Lagrangian proportional to a is suppressed 
so that the weak current is exactly conserved. We may then construct the 
constant operator R, proportional to [ase(P,+V,), which generates the gauge 
transformations of the theory with infinitesimal gauge function w: 


pile) > (1-iR-w()) p(x)(1 + i R-w(a)) 
> pile) — iw(2)-[R, v(0)], 


(19) F. GURSEY: Nuovo Cimento, 16, 230 (1960). 
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where y; represents any of the field components. The operator R for the weak 
current is analogous to the electric charge operator Q for the electromagnetic 
current. We may, of course, separate the parts of R that correspond to the 
vector and the pseudovector currents. As long as we stick to the conserved 
vector current theory (and to our choice of scale for the gauge function), then 
the first part of R is simply twice the isotopic spin J. Let us write: 


(48) R=2I1+2D, 


where 2D generates the pseudovector gauge transformations. 
In the first model, it is easy to see from eq. (30), that D is a translation 
operator, so that we have the commutation rules: 


(49) [D,, Dj] = 0, 
as well as the rules 


LEE, dei — i Cisl, 


(50) 
Ha Di) = À Cr Dx , 


that follow from I being the isotopic spin and D an isotopic vector. Here 
€;;, is, of course the Kronecker antisymmetric tensor). The total operator R 
then has the commutation rules: 


(51) PAIE 460;;x(Ix +2D7) 


that exhibit the asymmetry between V and 4 characteristic of the gradient 


coupling model (*). 
In the second and third models, the operator D is not a translation ope- 
rator; in place of (4a) we have the commutation rules: 


(52) LDS D;] = desntn, 


which give for R the very simple rules: 


(53) CR;, Ry] = 8 tCsse(Le + Dr) = 400; Ry - 


(*) Of course, what really counts is the nature of the commutation relations for 
the complete operators that generate the sum of the AS=0 and AS=1 currents. 
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In other words, R is just four times an angular momentum: 


(54) R—41,. 


But in the same way we can show that 21—2D is four times an angular 
momentum I, and furthermore that I, and I, commute. Thus the isotopic 
spin I can be written as the sum of two commuting angular momenta: 


Cc 
OU 
dea] 

I 
fr 
| 
fm 


and the weak current is just proportional to the current of the «spin» I,. 
We have just demonstrated the well-known property of the group of rota- 
tions in a four-dimensional Euclidean space (2°), that it can be generated by 
two commuting angular momenta. 

In our second and third models, we have assigned quantum numbers as 
follows: 


| ve (4, 0), 
(96) N, (0, 3) ’ 
(zt, 5!) (ee). 


where we use the notation of Gürsey (1°), in which N,o(i+y,)N and 
N,«(1—y,)N and the quantum numbers are written in the form (J,, J,). 


8. — Conelusions. | 


We have found three models of the strong and weak interactions of nucleons 
and pions in which the divergence of the axial vector weak current is propro- 
tional to the pion field, and we have shown that this property can explain the 
decay rate of the charged pion. 

The gradient coupling model is highly divergent without a cut-off and the 
weak interaction is introduced in à way that is unsymmetrical between V 
and A. However, to extend this model to the AS — 0 weak interactions of | 
strange particles is very easy. As long as the source of the pion field is the 
divergence of a pseudovector, we can always find an axial vector current with 
the right property. 


(2°) A. PAIS: Proc. Nat. Acad. Sci., 40, 835 (1954). 
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The o model is renormalizable and even the matrix elements of the weak 
coupling seem to be finite. Moreover. the four-dimensional invariance (broken 
only by one term which is responsible for the nucleon mass and for the non 
vanishing divergence of the axial vector current) gives complete symmetry 
between V and 4. However the model involves the introduction of a new 
particle. It also presents difficulties when we try to extend it to the strange 
particles, because the high symmetry of the coupling to m and a’, while easy 
to arrange for a fermion of isotopic spin 4 like the nucleon, is hard to imitate 
A or X or K, unless, of course, we do it approximately, making use of some- 
thing like global symmetry. 

The non linear model does not appear renormalizable, although it might 
be so in some unusual sense. It avoids, however, the introduction of a new 
particle, while retaining the symmetry properties of the o model. The diffi- 
culty of extension to the strange particles is of course, the same for both models. 

Since all the models seem to have some unpleasant features, we should 
certainly reconsider whether the formula of Goldberger and Treiman can be 
plausibly derived without such a stringent condition as eq. (5). 

To the extent that one tries to retain eq. (5) or something like it, one might 
pursue further research along several lines: trying to include the strange par- 
ticles; trying to renormalize the third model; exploring the connection of our 
gauge transformations with possible intermediate fields for the weak inter- 
actions; seeking to describe the AS =1 weak interactions as well as those 
with AS = 0; and looking for parallels between the weak interactions of leptons 
and those of baryons and mesons. 

In closing, let us emphasize that we wish this work to be considered as a 
highly tentative effort. We have after all, explained only one experimental 
number, the charged pion lifetime. We do not want to give the impression 
that the whole theory of strong and weak interactions should be based on 
this one number, like a pyramid balanced on one point. We do hope, however, 
that if this type of investigation is pursued further, it may lead to other pre- 
dictions or to correlations of experimental data. 


One of us (M. GeLL-MANN) would like to thank Prof. ABDUS SALAM for 
his hospitality at Imperial College, London, and for many valuable conver- 
sations. He is grateful to Prof. R. RP. FEYNMAN and Drs. E. R. NORTON and 
W. K. R. Watson for the discussions of the gradient coupling model that 
initiated this work. He is also indebted to Dr. J. BERNSTEIN for discussions 
of gauge invariance. 
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RIASSUNIEO: (3) 


Allo scopo di dedurre in maniera convincente la formula di Goldberger e Treiman 
per il tasso di decadimento dei pioni carichi, prendiamo in considerazione la pos- 
sibilità che la divergenza della corrente vettoriale assiale nel decadimento B sia pro- 
porzionale al campo del pione. Si presentano tre modelli della interazione pione- 
nucleone (e della corrente debole) che hanno la proprietà richiesta. Il primo, che si 
serve dell’accoppiamento di gradiente, hail vantaggio di poter essere facilmente genera- 
lizzato alle particelle strane, ma gli svantaggi di non essere rinormalizzabile e di 
introdurre le correnti vettoriale e vettoriale assiale in modo asimmetrico. Il secondo 
modello, che usa un’interazione forte proposta da SCHWINGER ed una corrente debole 
proposta da PoLKINHORNE, è rinormalizzabile e simmetrico fra V ed A, ma com. 
porta la postulazione di una nuova particella ed è difficilmente estensibile alle parti- 
celle strane. Il terzo modello è simile al secondo salvo che non è necessario intro- 
durre una nuova particella. (Si perde, tuttavia, la rinormalizzazione nel senso usuale.) 
Si suggerisce una ulteriore ricerca su queste linee, compresa la considerazione della 
possibilità che il tasso di decadimento del pione possa ottenersi in modo plausibile 
con condizioni meno restrittive. 


(*) Traduzione a cura della Redazione. 
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Compton Effect on the Bound Electrons. 
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Istituto Nazionale di Fisica Nucleare - Sezione di Bologna 


(ricevuto il 24 Febbraio 1960) 


Summary. — The behaviour of the Compton differential cross section 
on the K-electrons of Pb was measured, using y-rays of 664 keV energy. 
The investigated angles cover the (10--85)° range. The behaviour, 
roughly, is not very different from the behaviour corresponding to free 
electrons. The more significant aspect is the indication of a cross section 
for the bound electrons greater than the cross section for free electrons. 


1. — Introduction. 


One of the important problems in the experimental study of the y-rays 
elastic scattering is the separation of the elastic contribution from the inelastic 
(Compton) one. This problem is of considerable importance for small scat- 
tering angles (1?) because the determination of the elastic scattering cross- 
section is, in these regions, usually carried out by subtracting the inelastic 
contribution, calculated using the Klein-Nishina formula, from the observed 
total scattering cross-section. Now, though these estimates could be reason- 
able for high energies (>1 MeV) and light elements, it may happen that they 
are not so, when the electrons responsible for the scattering, are bound with 
binding energies which cannot be neglected with respect to the energy of the 
incident gamma. The inelastic scattering, in this case, may happen to have 
different cross-section from the corresponding one in the free electron case. 


) Now at the Physics Department, Science College, Saifabad Hyderabad. 
1) A STORRUSTE: Proc. Roy. Soc., A 63, 1197 (1950). 

) A. SrorrustEe and O. P. Tyom: Nucl. Phys., 6, 151 (1958). 

) W. L. Davey: Proc. Phys. Soc., A 66, 1059 (1953). 
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Moreover, the problem has also some importance for the large scattering 
angles (4) because it seems that the predominating contribution to the scat- 
tering in this region is attributed to the electrons of the A-shell rather than to 
the others. 

Several theoretical works exist in the literature on this subject (5) but 
unfortunately, the predictions made in these papers, supported by few 
experimental data, are very often in disagreement with one another, for dif- 
ferent approximations, introduced in the development of the calculations. 

The interest in the experimental study of the y-ray inelastic scattering 
on bound electrons is twofold: firstly it may provide a possibility of carrying 
out more accurate determinations of the elastic scattering cross-section; se- 
condly it seems possible to shed some light on the validity of the approxi- 
mations introduced in the different theoretical works. 

In addition, a better knowledge of this phenomenon provides the possi- 
bility of performing more correct calculations in projecting biological shielding 
against y-radiations, especially if the diffusion from bound electrons plays, 
as it seems, an important role. 

In the present paper we report the results of an experiment on the anelastie 
scattering of the 0.664 MeV y-rays of !"Cs on the strongly bound electrons 
of the Æ-shell of Pb. 


2. — Experimental arrangement. 


The selection of the inelastic scattering events on bound electrons was made 
by putting in coincidence the scattered y-ray with the X-ray emitted by the 
atom after the emission of the electron; the energy of the X-photon is about 
equal to the binding energy. 

In our experiment we chose a lead scatterer, because the Æ-electrons of 
lead are bound with 88 keV binding energy, and a source 7Cs emitting y-rays 
of 0.664 MeV energy. The essential of the scattering equipment is sketched in 
Fig. 1: the detectors are NaI(Tl) scintillators mounted on 6282 Dumont photo- 
multipliers. The counter (1) (dimensions of scintillator 2 in. x}in.) detects 
the X-photons, which are isotropically emitted, and the counter (2) (dimen- 


Li 


sions of scintillator 1in.x1in.) detects the Compton scattered photons. The 


(*) J. RANDLES: Proc. Phys. Soc., A 70, 337 (1957). 
(5) W. HEISENBERG: Phys. Zeits., 82, 737 (1931). 
(9) L. BewILOGUA: Phys. Zeits., 32, 740 (1931). 

(7) W. Franz: Zeits. Phys., 90, 9, 635 (1934). 

(*) 


Du 


res 


COMPTON EFFECT ON THE BOUND ELECTRONS 729 


detector (2) can be rotated in such a way as to collect the diffused y-rays 
throughout the angles between 10° and 90°. 


Val 
Na ICT) 


Counter (1) is placed outside the direct beam at a distance from its centre 
of 4.2 em, and it is shielded by about 1 cm of Cu against X-photons coming 
from the lead of the collimation system. Counter (2) is shielded and collimated 
with lead to reduce the background and it is placed at a distance of 23.5 em 
from the centre of the target. The target is a lead disk of 6.4 cm in diameter 
and 92.8 mg/cm? in thickness and was chosen to provide the maximum effi- 
ciency taking into account the self absorption of X-photons and the secondary 
diffusions of the scattered y-rays. 


A block diagram of the electronic equipment is shown in Fig. 2. The two 
signals, indicated by X and y, are sent into two amplifiers A, and A, and 
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afterwards into two integral discriminators D, and D,,. A delay line DI is 
inserted for counting the random events. The coincidence circuit C has a 
resolving time t= 3-10-75. The numerators N, and N,, count the single 
pulses of the two channels; they serve for controlling the stability of the 
equipment and to provide useful information about the normal Compton 
effect. 

The measurements at every scattering angle, were carried out in the fol- 
lowing order: 


a) measurements with target and undelayed coincidence 


b) » » » » delayed ) 
€) » without » » undelayed » 
d) ) » ) » delayed » 


The frequency of the seeked events is then given by 


Vr = (a —b) —(e— ad). 


3. — Experimental results. 


Three series of measurements, corresponding to three different experimental 
conditions were performed. In the first series the bias of the X af y, channels 
were put at values corresponding to energies of 40 keV and 130 keV respec- 
tively. In the second series we set the bias in the X channel at a value cor- 
responding to an energy of 60 keV and 70 keV. Evidently, the three different 
series correspond to three different efficiencies of the apparatus. 

Measurements were performed at the following scattering angles: 10°, 17°.5, 
25°, 35°, 50°, 65°, 85°; the angular uncertainty was about + 5° estimated 
taking into account the possible scattering from the collimator of the diffused 
Y-TAYS. 

The experimental results showed that the angular distribution has iden- 
tical behaviour in the three series of measurements. For this reason we have 
averaged the values obtained, after à suitable normalization on the value at 
50° of the third series. 


Ono 10° | 1106 NME NN SORT | 65° | 85° 


ci [a RUE > ein lie 


A ie = ee | | 
Pa ay 72 E092 5.15 40.54 4.20 4-0.382.33 40.383,82 40.42/2.14+0.38|2.12+0.19! 


(counts/min) 
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The result is tabulated in Table I and plotted in Fig. 3. Table TI shows 
the frequencies of the Compton scattered photons averaged on the three measu- 
rements and normalized on the third series. 


A 
8° 
2 Le 
6- ‘N 
2 dI 
£ i | \ a Klein - Nishina 
tee | sx 
Lu Re 
à Us 
3} q 
2b isa À } 
| Des 
1F 
EE  — ST pe slo See Alea Cab. 
O 10° 17.5° 25° 35° 50° 65° 85° 
Fig. 3 
NB PRIE 
Le TE | 172.5 25° 35° | 50° | 65° 85° 
| | 
| | = SAS = a 
| | | 
y | 13324212 | 10404147 | 8364120 | 7084147 | 477+57 | 312421 | 189471] 


4. — Discussion. 


The behaviour of the coincidence frequency as a function of the scattering 
angles (Table I) is plotted in Fig. 3. The dashed line represents the behaviour 
of the Compton scattering cross-section calculated by the usual Klein-Nishina 
formula for 0.664 MeV energy. 

As one can see, the experimental points show a slight indication of a certain 
smearing out in comparison with the free electron, case. 

We think that more significant indications can be desumed from the exper- 
imental data by comparing the cross-section of the investigated effect with 
the cross-section of the inelastic scattering from all the atomic electrons. For 
this purpose it is necessary to estimate the detection efficiency of the counting 
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apparatus. An overestimated approximation can be made using the following 
assumptions and data: 


a) the average thickness of the target, crossed by isotropically emitted 
X-rays is: 


b) the absorption coefficient in Pb, for X-rays coming from the electronic 
transitions MK, LA and ML in lead, which correspond to the energies: 


Hp=88 keV, HH, — T3 keV, 2, = 15 keve 
respectively, are (11) 
TOC Ie Er Come tt SD Cm ee 
as a consequence, the transmission coefficients due to self absorption, result to be 
By ALI, £ =A10;o0 


, Bs 2 VAN - 


One can see that the ML line is completely absorbed; therefore only the 
88 keV and 73 keV lines remain; 


c) the relative intensity of the two lines are given by (1) 


| 

S 
4 
Qt 


NO IES 


d) the fluorescence yield in lead is assumed to be (1): 


e) the interposed materials between, the target and the X-rays detector 
correspond to a thickness of about 0.30 g/em? of Al, whose absorption coeffi- 
cients for the energies E, and £, are (11): 


Page O08 Cm Nr = 0 cm SE 


This leads to the following transmission coefficients 


En, 0.948, e, = 0.938 : 


(1) R. D. Evans: The Atomic Nuclei (New York, 1955), p. 715. 
(12) A. H. Compton and K. ALLison: X-Rays in Theory and Experiment. 
(13) F. Suzor and C. Charpag: Journ. Phys. et Rad., 20, 462 (1959). 
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f) the detection efficiency of the NaI(Tl) crystal for X-rays is about 
100% for both energies; 


g) the fraction of solid angle covered by the counter (1) is: 
GY Bs 


h) the electronic equipment efficiency is assumed equal to one. 


From these positions the overall detecting efficiency results to be 
n =n (88 keV) + 7 (73 keV) < 5-10. 


Assuming this upper limit of the efficiency one can compare the scattering 
cross-section on the K-electrons with the cross-section relative to free electrons, 

For this purpose we observe that the frequency of the events due to scat- 
tered y-rays (Table IT) may be expressed by: 


(1) v(0) = a[(Z — Zx)0(0) + Zx0x(0)], 


where Z is the atomic number of the element on which the inelastic scattering 
takes place, Z, the number of electrons in the K-shell, o and 0, the cross 
sections for scattering on free and bound electrons respectively; « is a coeffi- 
cient of proportionality depending upon the geometry and efficiency of the 
counter (2). 

On the other hand, the frequency of the events corresponding to the coin- 
cidences may be expressed in the following form: 


(2) y,(0) = xe0x(0)Zx, 


where every symbol has a meaning already defined. From equations (1) and (2) 
we can derive 
ox(0) Leida 
À È 7 E ’ 
o(0) © ZxlnR(0) — 1] 


(3) 


where (0) is the experimental value of the ratio v,/v relative to every scat- 
tering angle. 

Using the data of Tables I and II with Z,= 2 we obtained the ratios tabu- 
lated in Table IIT and plotted in Fig. 4. 


FAB eee Lele ie 


da 10° 17°.5 25° 35° 50° | 65° 85° 
| 


6.35 +1.27/14.9 46.27 


6,(0)/o(0) |3.76+1.02/4.40+0.75|4.47+0.91|2.75+0.67|7.62+1.52 
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Fig. 4 shows clearly enough a contribution. of the strongly bounded &- 
electrons, to the Compton, effect, greater than that of the other electrons. If 
we take into account also the contribution of the elastic scattering this effect 

would be emphasized. 
Table III, moreover, 


|i i shows that the effect is 
Le more evident for large 

al scattering angles. 
s These results are sup- 


ported by Randles’ cal- 
culations (+), which con- 
15+ firm that the overall con- 
| tribution of the K-elec- 
| trons of heavy elements 
to the Compton effect 
amounts to about 80% of 
( the total for large scatter- 
Ù | ing angles and for y ener- 
gies < 1 MeV. From the 
F 1 Randles’ point of view the 
| ratio 0,(0)/o(0) should 
have a value of the order 
Î of hundred. This value is, 
certainly overestimated, 
otherwise, as a conse- 
quence, we would expect: 
an increasing in the over- 
all diffused intensity of 
some orders of magnitude; this is not experimentally observed. Assuming, in- 
stead, an averaged ratio over all scattering angles c,(0)/o(0) ~ 10, one obtains, 
for Pb, arise of the total diffused intensity of the order of some units per cent. 
Indeed examining the differences between the total absorption coefficients of 
Pb, measured and calculated, as given by WHITE (14), one can see that these 
differences are not equal to zero, and they increase when the energy of the 
incident gammas decreases. 
Let us assume that this difference is due to the Compton effect on bound 
electrons and that it essentially depends on the ratio of binding energy with 
respect to the energy of the incident gammas. Fig. 5 shows the behaviour of 


(=) 
T 


T 
e 
em 
— 


em NC est CaO): osu CDECO 
E 


ese: } dlab(degree) _ 
(OE ea yA ate 50° 65° 85° 


m SA 
Fig. 4. 


pe Hot (measured) — jo. (calculated) 
Lcompton (Calculated) 


CI 
7 


(15) G. WHITE GRODSTEIN: X-Ray Attenuation Coefficients from 10 keV to 100 MeV, 
N.B.S. circular, 583 (1957). 
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N 

versus v B,(hv/Bx), for Pb, Sn, Cu, Al, where [y,,, (measured) — 4,,, (caleu- 
lated)] is taken from White’s (14) data and fu 


Compton (Calculated)] is calculated 
using the Klein-Nishina formula. 


The choice of the parameter x B, (hy/B,) is suggested by the dependence of the 
total cross-section for photoelectric effect on the gamma incident energy hy and 
on the K-electrons binding energy B, (15). As it appears from Fig. 5, VB, (hy/B,) 
seems to be a good parameter for the description of this phenomenon. Thus 
one can conclude that these results are in reasonable agreement with our as- 


sertion concerning the existence of an unnegligible contribution of the bound 


electrons to Compton scattering. This contribution works in the sense of an 


increase in the effective absorption, due to Compton effect, in comparison 
with that calculated; it rises with the binding energy of electrons (i.e. with Z) 
and decreases with increasing hy. 


tos, 
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It is to be noticed that we used in our considerations, for the elastic scat- 


tering and photoelectric effect, the data reported by WHITE. Since the data 
on the elastic scattering are overestimated, our quoted differences result to 
be lower limits. However, it is inessential, for our present considerations, to use 


(5) W. HEeITLER: The Quantum Theory of Radiation (1954), p. 207. 
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either the theory of Franz (15) or that of Brown and Mayer (7) on the elastic 
scattering of y-rays. 

For the reasons hitherto explained it seem to us that calculation of the in- 
coherent scattering functions S(q, +) (1) assuming the Thomas-Fermi model 
could lead to incorrect results. However, the indications provided by this 
experiment require more rigorous investigation from the theoretical point 
of view and more complete and systematic measurements which we are planning 


at present 


The authors wish to thank Professors G. Puppr and P. BASSI for their many 
helpful discussions, and Mr. FANTAZZI for his help in maintening the electronic 


equipment. 


(16) W. FRANZ: Zeits. Phys., 98, 314 (1936). 
(1?) G. E. Brown and D. F. Mayers: Proc. Roy. Soc., A 234, 387 (1956); A 242, 
89 (1957). 


RIASSUNTO 


È stato misurato l'andamento della sezione d’urto differenziale per effetto Compton 
su elettroni A del Pb, usando raggi y di energia 664 keV. Gli angoli investigati vanne 
da 10° a 85°. L'andamento, non si discosta molto da quello relativo agli elettroni liberi. 
L'aspetto più significativo dell’esperimento è l’indicazione di una maggior seziono 
d’urto per gli elettroni legati che per gli elettroni liberi. 
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The Problem of the Y/Y* Ratio in K--p Interaction 
in Relation to the Hypothesis of Restricted Symmetry. 


M. L. Gupra 
Dept. of Mathematics, Imperial College - London 


(ricevuto il 24 Febbraio 1960) 


Summary — The problem of the 2-/X7 ratio has been discussed in the 
T7 matrix formalism of Matthews and Salam (*). Global symmetry being 
found to be incompatible with the 2 -/Z* ratio even at threshold on the 
basis of new experimental data (ALVAREZ, Kiev Conference), consideration 
has been given to the restricted symmetry principle for explaining the 
behaviour of this quantity with energy. It has been found that restricted 
symmetry is quite compatible with the experimental data on hyperon 
production ratios in the K~-meson-proton interaction. The difference in 
the phase-shifts in the scattering of the systems xY and xZ in states of 
«restricted symmetry isotopic spin » 3 and 3 is found to be — 60° or 120°, 
where Y and Z represent the two doublets formed out of A and X states 
as first proposed by GELL-MANN (3). It has also been indicated that the 
conclusions about the restricted symmetry principle reached by D’EsPAGNAT 
and PRENTKI (5) on the basis of old experimental data are reversed when 
the new experimental values are substituted in place of the old ones, 
and the principle therefore remains quite a useful one for the interpre- 
tation of K -meson-proton interaction phenomena. 


1. — Introduction. 
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It has been recognized for a long time (1) that the K--p interactions provide 
a fairly good test for the symmetries in pion-baryon interactions. The impor- 
tance of the problem of the 27/27 ratio in this connection was stressed by 


(*) P. T. MatTHEWSs and A. SALAM: Nuovo Cimento, 18, 381 (1959). 
(1) D. Amati and B. ViraLe: Nuovo Cimento, 9, 895 (1958). 
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SALAM (2) at the Kiev conference in relation to the hypothesis of global sym- 
metry of the pion-baryon interaction put forward by GELL-MANN (8) and 
SCHWINGER (4) two years ago. It was shown by him that if the elements of 
the 7! matrix for the K -p interaction, pertaining to pion-hyperon processes 
are taken from the pion-nucleon scattering, the results obtained for the 
X-/X* ratio are quite incompatible with the experimental behaviour of this 
quantity. Caleulation with the new experimental data (°) presented at the 
conference only alters this position with regard to global symmetry for the 
worse, in that the 47/=* ratio obtained at threshold now is found to be only 
1:1 (as against the experimental value of 2.18:1), in the most favourable case, 
whereas with the use of old experimental data, an agreement between the 
theoretical and experimental values was found at least at threshold (?). 


2. — Application of restricted symmetry. 


The next step in understanding the behaviour of the X7/X* ratio with 
energy is to use the less restrictive principle, that of restricted symmetry, by 
which we mean the equality, in the absence of K interactions of only the 
mA, TX coupling constants, with no reference to the pion-nucleon coupling. 
The © and A states being arranged in two doublets of isotopic spin, i=4 


defined by, 
Dr VA) 
“GZ 


cadr = 4 
V2 V2 


the amplitudes of scattering in the states of isotopic spin 0 and 1 of the systems 
un and Ar can be expressed with the aid of the amplitudes of scattering 
T; and T, of the systems Yx and Zn (i =} and 3), defined by, 


(2.3) CORTE RE TN er 
with the orthogonality relation, 
517" = 0 | 


(°) Lecture at the International Conference on High Energy Physics at Kiev (July 1959) | 
®) M. GELL-MANN: Phys. Rev. 106, 1297 (1957) | = | 
(4) J. SCHWINGER: Ann. Phys., 2, 407 (1957). 

(°) L. W. ALVAREZ et al.: Kiev Conference (July 1959). 
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We have then, (|X>, meaning state of Ux with isotopic-spin 1, ete.) 


! x lé If ! td I 
Calm La, n | T"| Zn» = 7,4 47;, 
A I 2 li 
<Am| "| Am) = ETS + 376; 


Vv 9 i} /2 I 
esi 


(Zn |P |An); = Ar | P| Xn, = Ty ~ 


as obtained by AMATI and VITALE (!) and similar relations for the elements 
of the 7"! matrix. Thus, 


(2.5) (2a |T* |e) = 27,74 ETS = 8h otg a, + th otg a —ik = 
= (2a, + Los) —ik putting kctga, =x,; ketga, =a,. 


where «, and «, are the phase-shifts for 7Y and xZ scattering in states of iso- 
topic spin i=3 and 4 respectively in the absence of K interactions. The 
same form of relations (2.4) is true for the elements of the R and R-! matrices 
defined in the next section. 

The elements of the 7-1 matrix for the K~-p interaction pertaining to pion- 
hyperon processes having thus been expressed on the basis of the hypothesis 
of restricted symmetry, in terms of the two phase-shifts x, and %,, the solution 
of the problem of the X7/A* ratio consists of finding whether any real values 
of «, and «, exist which may give results for the X7/X* ratio consistent with 
its experimental behaviour and with the other hyperon production ratios. 
The existence or non-existence of such values of x, and x, compatible with the 
experimental values of the © and A production ratios and phases, would con- 
stitute a proof for or gaainst the hypothesis of restricted symmetry. 


3. — The 7! matrix formalism for K--p interaction. 


We will analyse the problem of the 27/Z* ratio in the T-1 matrix for- 
malism presented by SALAM (?) at the Kiev Conference. The 7-! matrix is 
given by 


TL =e! =H , 
R being the reaction matrix, real and symmetric (invariant with respect to 
time-reversal) and ¢;;=k,6,,. For the s wave K--p interaction, it consists 


of nine real parameters and may be written in two parts for the isotopic spin 0 


cn 
Le] 
D 
mi 
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and 1 channels. Thus, 


or ik hy 
(3.1) fie ca ho do deri tk, 9 
dy — hy hy Y 
(3.2) Le = hi b, — tks i 
Yi hi ci — dk, 


For the isotopic spin zero case, the rows and columns of the matrix refer 
to K--p and z= channels while for the second case of isotopic spin one, they 
refer to K7-p, 7x and TA channels. 

The matrix elements of the 7 matrix can be obtained from the above and 
will satisfy necessarily the relations arising from the unitarity of the s matrix. 
The relationship between the 7 matrix and s matrix is expressed by, 


(3.3) Spi = Ori + iv ky TVR: . 


The cross-section for any process is given by, 


k 1 
(3.4) On = an | Ti |. 


The elements Tu and T,, for elastic scattering and production respectively 


' 
| 
| 
In (3.3) and (3.4) the symbols have their usual meanings. 
in isotopic spin 0 state are given by, | 


1 al 
Lao — ho/(bo —ike)| —ik, zo — tk, 


(3.5) To 


where ¢ is the inverse of the complex scattering length introduced by DA- 
LITZ (5). Writing @a«=%—i%, we have, 


(3.6) Ly = a — Pears Yo = as 
Thus 
(3.7) Tu = x exp 
Lo — UYo + Ex) i 


(9) R. H. Datitz: CERN Report (1958). 
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where 


(3.8) 


(3.9) 


where 


(3.10) 


Similarly the elements 7 


(3.11) 
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FA Yo Ex ‘ 
Lo 
STA ho a, 
dh (b, = 7. x | Tou |exP [10] 
0 x 


“i Vyolkx | Tor | EXP ltd + Po)] ; 


Po = kx/05 - 


lij 


Ai; ! | she 
= | *| Tin | exp [1(0, + Yi — Yu)], 
11 
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of the T matrix for J — 1 case are given by 


where A is the determinant of the matrix 77', and y,, are the phases of the 
complex numbers A,; which are the co-factors of the elements a;; in the de- 
terminanant of the matrix 7,!; also 


(3.12) 


Dia 
uv 


1 


te 0, 


7 


where x, — iy, = 2, is the inverse of the complex scattering length for J —1. 
The angles yy, and y» are given respectively by, 


(3.13) 


— se — kabi RATE RkA 
bc — fi — kaky’ 


tg Yu = 


4. — The new experimental data. 


The new experimental results for the hyperon production ratios are (AL- 
VAREZ: Kiev Conference, July, 1959): 


(4.1) 


SST SoA = 45 ee OTT at threshold. 


Sigma production isotopic spin amplitudes, 


(4.2) 
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Ratio of absorption in I =0 to I=1 states, 


(4.3) = = ——— 


The behaviour of the S~/X* ratio is characterized by the fact that starting 
with a value 2.18:1 at threshold it rapidly drops to 1:1 at kx ~.5m,,, and 
then remains in the neighbourhood of this value at higher energies. 


5. — Relationships between the parameters of the ‘Tab atrix* 


The 7-! matrix contains nine real parameters. These have been reduced 
to seven by expressing the elements pertaining to pion-hyperon processes in 
terms of the parameters «, and «,. In order that all these parameters may be 
determined we must have seven relations between them. Four of these are 
provided by the Datirz solutions giving the complex scattering lengths for 
I —0 and [=1. These utilize the information about the ratio of absorption 
in I=0 and J =1 state and other experimental data for elastie charge ex- 
change and reaction cross-sections. We may get two more independent re- 
lations from the hyperon production ratios, one from the £/X* ratio, and 
the other from the ratio o(A)/o,_,(%). Thus in principle it is possible to find 
a relationship between & and «3 compatible with all the experimental data, 
provided restricted symmetry (equality of the interaction of Y and Z doublets 
or the A and & multiplets with the x field) is a valid concept and it is not too 
drastic an approximation to take the elements of the 7-! matrix corresponding 
to x-hyperon processes from the corresponding matrix for 7Y, xZ scattering 
in which the K interactions are switched off, i.e. to neglect the interaction of 
the K for the elements 6), b,, fi and €, of the 7-1 matrix. Knowing the values 
of the Dalitz parameters there are thus two relationships to be fulfilled by 
the parameters « and «;, one arising from the X7/X* ratio, and the other 
from the ratio o(A)/o,_,(%). 

The X°/X* the ratio is given by the expression, 


(5.1) O) port to EVE) 
101-0-+10,-1(2) — Vor-00,-1(2). 


where y= phase of T.(2)/T.(2) or Tre/Tus- 

Now we know from experiment the difference of phase of the X production 
amplitudes in J=0 and I=1 state, i.e. the phase difference between the 
elements Ty, and Tix. The phase of Ty» is (00+), While that of Ti, is 
(Di + Yo — Yu). | | 
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Thus (0, + Ye — wi) — (O+9)=y=+ (62 + 4)° (at threshold)or (y5— pu—») 
ACRI e r 

Since ye, Yu and y, are independent of hk, (cf. (3.13) and (3.10)), they are 
nearly constant angles. Hence it follows that the angle on the right is also 
nearly constant with energy. Thus the relationship arising out of the behaviour 
of the 2 /2* ratio is that, 


(5.2) (wi — Yu — Po) = (y + % — 01) = (say) be nearly constant 


The other relationship coming from the ratio o(A)/o,_,() may be derived 
as follows. 


From experiment, 


SOS oa 7 
O721() o(2*) + o(2°) — 20 (>) Oe 


o(A) vale ka|Pi(A) |? _ ‘A {( (ah, —g,0,)* + ske) 
O2) kx | T\(2) era is {( (figs — hyo)? + hp kg} 
(5.3) or 
7 ks 2 9f,0,0 + bia + kt} 
D, (oy) = ARE, 
12 Ka Be — 2f, ae, + € + kin 


where x = gi]. 

This relationship thus expresses the ratio of the parameters g,/h, of the 
T- matrix (the elements corresponding to A and & production) in terms of 
b,, ¢, and f, and hence in terms of a, and a, (cf. (2.5)). We have now to de- 
termine whether any real values of the parameters «, and « exist compatibly 
with these two relations, which would thus provide a test for the validity of 
the principle of restricted symmetry in the presence of K interactions. To 
this end, we now derive the condition for the existence of real values of & 
and x, based on the above two relationships and hence compatible with them. 
We shall call it the compatibility condition. 


6. — The compatibility condition. 
In the analysis that follows, we shall neglect the mass difference between 
the A and Y particles in keeping with the principle of restricted symmetry. 


The first relationship gives, 


(6.1) te (Yr— Yu — Go) = tg (y + Do — 01) = tg x = m (say). 
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The values of by, di, 4, fi of the T-! matrix in terms of a, and a, are 


(cf. (2.4), (2.5)) 


Eh 24 | % VE V2 
(6.2) Dy = %, by = a Cia DE ir 3 % 3 
where 
k 
(6.3) =k CS. goa = n 
k et t À 
= À CT 3 . o Xz = — . 
(6.4) a, = k ctg ag: tg ag sì 


Now tg, = ks/bo = ks/«, (from (3.10) and (6.2)) 


Hence 
(6.5) = OO (a+) 
also 
— kx(b, + 61) 
t D == = CE Où (cfr. (3.13)) 
a be, — fi — ks 
A ky (2% a Xe) 
NA = to Os). 
ep g (ay + 2g) 
Hence 
(6.6) du = — (03 + 3) or = (tag). 
Again from(3.13) 
hiks ky 


t = = A 
ae fi ha fe—-0,° 


where -g./h = 2. 
Now the value of x is given by the second relation, equation (5.3), and is 
found to be 


(6.7) x = — (2f,b, —2pf,c)+ V ‘4-9 (b,0, —f2)? P+4n( ket bp? tk +h) APREA 
Ru 2(pfî — bî — kx) 


In the above expressions p = 1/1.71 = ky/k, =.41, which is the exact value 
of this quantity. On making the approximation Le —k,, p &.6 which is 
much different from its true value. It is a much better approximation, and 
it leads to a great simplification to choose p = .5 


Expressing 6,, ¢, and f, in terms of «, and e; and making the above ap- 
proximation, we find 


(6.8) Wee VE (ca — ma + E V2 (ca + ki) 
— 8 (od + 20,0 + 8KÈ) 


7 
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Case 1. Taking the positive sign first in the numerator, we have, 


Thus one of the values of x is independent of x, and x, and is nearly con- 
stant & —.7. 
Using this value of x in the expression of tg y,, we have, 


ky k 


a 


fau (8/8) (% — 4) (— V2 /: 


Hence 


a ae a or — TT) 


(6.9) (Yo SA me Po) aa ( Hy nT) a (ay Coe Nya) CE UNS 0 or x 
(where M1, M, nz are each equal to zero or x) or 
(6.10) (y + do Sr 0) — 0 or IT 5 


which is the first compatibility condition. The principle of restricted symmetry 
would be valid if the angle (y+0,—0,) satisfied this condition, although we 
do not expect it, since that would imply that any values of the phase shifts 
a, and a; are consistent with the 2 /X* ratio and the other hyperon production 
ratios. It is actually found on substituting the values of 0, and 0, obtained 
from the Dalitz and Tuan’s solutions a+ and b+ that the value of y obtained 
from this condition is very different from the experimental value of (62 + 4)° 
at threshold. Hence the value of x chosen is quite incompatible with the 
behaviour of the X7/X* ratio. We shall therefore discard it. 


Case 2. We now choose the negative sign in the expression of x. Thus, 
from (6.8) 


mal (— 1/2/38) (a — a), — 4/2 (o%_+ ks) (40, a, at + 3k%) 


— 2 (at + 20,03 + 3k>) VE (og + 20,03 + 34)” 
which gives 
ky ky (aq + 20,0 + 34%) 
silat te pui | — Ma 5 . 
Wet) 8 Pas | he — =| (= 307 &, = kta, — 2k0,) 


Hence 


(Pas — Yur — Po) = Via + (2 + Gs ) + a = (ce +, 7%) 
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where n, and n, have values 0 or 1. 


or 
(6.12) te (Yrs — Wa — Po) = tS (Vi + y) - 
From the value of tg y,» given above (equation (6.11)) and of tg t= 
= Kia, we find, 
2 tg 
(6.13) tg (ve + Ag) = 34 te p° 
where 
(6.14) B = (% — o%). 


Thus 


(Ve Va Po) = tg (y + 0,—6,) = M say, 


VAE an 


(6.15) m te? f — 2 tgp + 3m = 0 or te B= va 


In order that 6 may be a real angle, 


V8” 


1 
(6.16) 12m? <4 or Im <== 


which is the second compatibility condition. 


7. — Comparison with experiment. 


i) Case of Dalit: b* solution. The compatibility condition gives, 
|tg (y+6,—6,)|<1/V3. The values of 9, and 6, are given by the Dalitz so- 
lution. Taking the b* solution (corresponding to the absorption ratio in 
I=0 to 1=1%4), which are, A,=+2.01 + 1.271; A, = +.37 +.32i, we 
find, do 432° or; (w_ 82"); 6, 41° or (41°): (0, 0,) = 9% Hence 
aio) = = 62° OA eA ores ea 

It is seen that the angle «x does not satisfy the compatibility condition. 


Thus the usefulness of restricted symmetry is excluded on the basis of the 
b= solutions. 
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ii) The solutions a* of Dalitz. We now consider the solutions a+ of 
Dalitz. These are A, == .03 + 1.027, Ay = +1.47 + .25i which give, 6,=9°41' 
or (1 —91°41'), 0, = 9°41" or (%—9°41'); (0, —0,) = + 82°. 


Hence « = ((+ 62 +4) + 82)° =(4+20+44)° or + (144 + 4°. 

Now the compatibility condition requires < 30° or > 150°. It is seen 
that the first value of «((+ 20 4)°) clearly satisfies this condition, while the 
second value + 148° which is very close to 150° must also be regarded ag 
satisfying it in view of the approximations we have made. The results obtained 
on the basis of restricted symmetry utilizing the a= solutions are therefore 
quite compatible with the experimental data at threshold. 

Since « is nearly a constant angle, one of the above two values of «Satisfying 
the compatibility condition, must give the correct behaviour of the X7/X* 
ratio even at a higher energy (assuming the validity of the zero range approx- 
imation). This value may easily be found when we remember that y has to 
be = 90° around %, =.5m_c (cf. 5.1)). 

Now at k, = .5m,¢, 0, = 91°45" or (x — 91°45"); 6, = 34°47’ or (x — 34°47’) 
(9, — 61) = + 57°. 

It is seen that if « is taken to be +148°, then y + 91°. Hence it fol- 
lows that restricted symmetry is quite compatible with the observed behaviour 
of the X/X* ratio and other hyperon production ratios. 

Knowing the value of x, which gives agreement with experiment, we may 
now find the value of f, the difference of the phase-shifts in xY or xZ scat- 
terings in states of restricted symmetry i-spin, à — + and à. 

From (6.15) we have, tg f =2/2m for &« —150°. 


x 


Hence 6 =—60° or +120°. 

Since we are free to choose any signs and magnitudes for the angles «, 
and «, consistent with the above values of 5, it is clear that many solutions 
compatible with the principle of restricted symmetry are possible for the 
problem of the X7/=* ratio. 

After the foregoing conclusions had been reached, we received the pre- 
print of a paper by B. D’EsPAGNAT and J. PRENTKI (7), « Incompatibility be- 
tween the hypothesis of restricted symmetry and some experimental results » 
in which the authors using old experimental data and a slightly different for- 
malism had reached quite an opposite conclusion that restricted symmetry 
was not compatible with experiment and was therefore not a useful concept. 


(7) B. p’Espaanat and J. PRENTKI: preprint. 
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It is however found that the use of new experimental data changes the situa- 
tion completely, leading even in their formalism to essentially the same com- 
patibility condition as (6.16) and the same value of B as obtained above; and 
hence to the same conclusions about restricted symmetry. The treatment of 
the problem of the 2 -/X* ratio given in the present paper is analogous to their 
method IT, «the comparison of T-1», and follows in some ways their presen- 
tation. It is found that no solutions are possible on the basis of their method I, 
«the comparison of 7’s» since the use of this method does not reproduce the 
qualitative features of the phenomena. It is proposed to discuss this point 
in a separate note. 


The author feels deeply thankful to Prof. A. SALAM for his suggesting the 
problem and for guidance and encouragement. 


LAGS SCENE IO mS) 


Il problema del rapporto 2 -/X* è stato discusso nel formalismo della matrice 7-1 
di Matthews e Salam (*). Essendosi riscontrato, sulla base di nuovi dati sperimentali 
(ALVAREZ, Congresso di Kiev) che la simmetria globale è incompatibile col rapporto 
2 /2* anche alla soglia, si è preso in considerazione il principio della simmetria ristretta 
per spiegare il comportamento di questa quantità al variare dell'energia. Si è trovato che 
la simmetria ristretta è perfettamente compatibile con i dati sperimentali sui rapporti 
di produzione degli iperoni nella interazione fra mesone K~ e protone. Si è trovato 
che la differenza nello spostamento di fase, nello scattering dei sistemi xY e 7Z in stati 
di « spin isotopico a simmetria ristretta » 3 e 3, è — 60° o 120°, in cui Y e Z rappresen- 
tano i due doppietti generati dagli stati A e S, come ha proposto per primo GELL- 
MANN (*). Si è anche indicato che le conclusioni sul principio di simmetria ristretta a cui 
giungono D'ESPAGNAT e PRENTKI (8) sulla base dei vecchi dati sperimentali vengono 
rovesciate quando si sostituiscono i nuovi valori sperimentali al posto dei vecchi, ed 


il principio conserva tutta la sua utilità per l’interpretazione dei fenomeni di inte- 
razione fra K° e protoni. 


(*) Traduzione a cura della Redazione, 
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An Investigation of the Stability of Nucleons. 


G. K. BACKENSTOSS, H. FRAUENFELDER (*) (*), B. D. Hyams, 
L. J. KOESTER jr. (*) and P. C. MARIN (**) 


CERN - Geneva 


(ricevuto il 26 Febbraio 1960) 


Summary. — A search has been made for relativistic charged particles 
emitted by the decay of nucleons. No such events were detected, and 
according to postulates made about the decay mode, lower limits may be 
set on the nucleon lifetime. These vary between 1.5:102 and 2.8-102 years 
for nucleons in many-particle nuclei and between 2.2-10%4 and 4.7 - 1024 years 
for protons in hydrogen. 


1. — Introduction. 


Some of the well-known conservation laws, e.g. for energy, momentum, 
and parity, are clearly connected to symmetry principles. The meaning of 
some other empirically observed conservation laws is much less well under- 
stood (12). 

One of the laws, which may be the result of some deeper but not yet well 
understood symmetry, is the conservation of baryons. This is a generalization 
of the law of conservation of nucleons, first expressed by STUECKELBERG (°), 
and later used by WIGNER to explain the stability of matter (‘). The degree 


) On sabbatical leave from the University of Illinois, Urbana, Tll., U.S.A. 
) John Simon Guggenheim Fellow. 
) On leave of absence from C.N.R.S., France. 

1) G. ©. Wick: Ann. Rev. Nucl. Sci., 8, 1 (1958). 
) G. FEINBERG and M. GoLDHABER: Proc. Natl. Acad. Sci. U.S., 45, 1301 (1959). 
) E. C. G. STUECKELBERG: Helv. Phys. Acta, 11, 317 (1938). 
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to which this law holds is usually expressed by a limit on the lifetime of 
nucleons. An obvious lower limit results from the fact that non-radioactive 
elements must have been stable at least during the age of the universe. A 
much better limit was obtained experimentally by REINES, COWAN and 
GOLDHABER (**). Looking for possible proton decays in a large scintillation 
counter, they found for the free proton t> 10?! years and for bound protons 
t> 4: 1028 years. The stability of certain heavy nuclei against fission yields a 
limit of Tr 2-10? years for bound nucleons decaying by any mode (?). 

In this paper, we report a reinvestigation of the limit to the stability of 
nucleons, which was stimulated by a speculation of YAMAGUCHI (*). The pre- 
sent experiments result in a lower limit to the lifetime of nucleons a few orders 
of magnitude longer than that of previous work. 


2. — Method. 


The interpretation of this experiment is based on the assumption that while 
charge, energy, Momentum and angular momentum may be conserved, a 
proton or neutron may decay into lighter particles. Possible decays might 
include 


(A) jo) sist Sa se 
or 
(B) Naortt+ta4v 


with a total energy release of the rest energy of the nucleon. 

This experiment sought to detect relativistic charged particles emerging 
from such decay processes in matter beneath an array of counters. The back- 
ground due to natural radioactivity was eliminated by demanding an energy 
release of at least 5.0 MeV in one counter. and in addition a relativistic par- 
ticle in another counter. The background due to cosmic rays was reduced 
by demanding that the relativistic particle travel upwards, and by running 
the whole experiment at 800 meters below rock. 


(°?) FE. REINES, C. L. Cowan jr. and M. GoLDHABER: Phys. Rev., 96, 1157 (1954). 

(9) F. REINES, C. L. Cowan jr. and H. W. Krusz: Phys. Rev., 109, 609 (1957). 
.. (7) G. N.,FLEROv, D. S. KLocHov, V. 8. SKoBKIN and V. V. TERENTIEV: Sov. 
Phys. Dokl., 3, 78 (1958). | 

() Y. Yamacucut: Progr. Theor. Phys. (Kyoto), 22, 373 (1959), and Progr. Theor. 
Phys. Suppl., (1959) to be published. | 
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3. — Apparatus. 


The counter array used is drawn to scale in Fig. 1. The upper counter was 
a Cerenkov detector consisting of a sealed plexiglas box, 50 litres in volume, 
with 1 cm walls, filled with paraffin oil. It was viewed from above by four 
photomultiplier tubes, with their outputs in parallel, referred to henceforth 
as counter (1/4). It was viewed from below by four tubes, with their outputs 
in parallel, referred to as counter (5/8). 


Cerenkoy 
Counter 


Whee ERE Sci intillation 


Counter 
a) Side view of Counter Array 
Plexiglas O)Top view. of Scintillation Counter 
N j inti 0 10 20 
Plastic Scintillator Cale Ten 
Paraffin oil 
Fig. 1. — Counter arrangement. 


The entire Cerenkov counter array could be rotated about a horizontal 
axis. Except for the surfaces in optical contact with the active area of the 
photomultipliers the top and bottom surfaces were painted black. The sides 
of the box were wrapped with aluminum foil. 

The lower counter consisted of a scintillating plastic sheet, 4 cm thick, viewed 
by four photomultipliers, with outputs in parallel, coupled to it with plexiglas 
light guides. The mean pulse amplitude from cosmic rays traversing it at 
normal incidence at different positions along the plastic scintillator sheet were 
observed to differ by less than 10% anywhere over its surface. All twelve 
photomultipliers used were 5 in. diameter 10 stage Dumont type 6364 tubes. 
The separate pulses from the tenth dynodes of the scintillation counters, 
counter (1/4), and counter (5/8) were delayed with respect to one another, 
added, displayed on a type 517A oscilloscope and photographed. The oscillo- 
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scope time base was triggered by pulses from the scintillation counter photo- 
multiplier tube anodes. 

The apparatus was run at 400m above sea level (at Geneva) and below 
about 800 m of rock of density 2.8 g/cm’, in the Létschberg tunnel (Kandersteg). 


4. — Measurements. 


The voltages on all 12 photomultipliers were adjusted to give the same 
output from cosmic ray particles at sea level. The sensitivity of each tube 
was thereafter measured and 
if necessary adjusted with 
Geneva the aid of a Co source. 
——— Below Rock The scintillation counter 
pee Ground bias curve was measured 
TA regularly with sources of 
about 1mC of ®©Co and 
RdTh placed at a fixed 
distance of about 1 m from 
it. Its counting rates above 
ground and under rock are 
shown in Fig. 2. 


Ò 
on 
] 


Counts min! 


3 
> 


10? — eet Above ground. — At 400 m 
\ above sea level the following 

\| à information was obtained 
about the counter perfor- 
mance. By coincidence meas- 
urements with auxiliary 
counters, the efficiency of 
counter (5/8) was shown to 
be greater than 95% for re- 
cording cosmic ray particles 
traversing its full thickness. 
The oscilloscope was thereafter triggered by scintillation counter pulses 
greater than 5 MeV and the oscilloscope traces showed 600 counts per minute 
in (5/5), the «upward » looking counter. Thirty percent of these counts were 
accompanied by measurable pulses from counter (1/4). The ratio of the 
mean amplitude of (5/8) to (1/4) pulses was 11 to 1, and in only 1%, of the 
events was this ratio less than 3 to 1. When the Cerenkov counter was rotated 
through 180°, the performance was the same but with the roles of counter (1/4) 


and (5/8) interchanged. From this the Cerenkov counter is seen to be efficient 
and highly directional. 


\ i \ 
‘ 
| \ ral l l 
5 10 15 20 25 
Altenuation 


10° 


Fig. 2. — Counting rates of the scintillation counter 
vs. attenuation. 
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About 1 trace per minute showed a larger pulse in the downward « looking » 
counter than in the upward «looking » counter. This is compatible with the 
calculated fiux from upward moving cosmic ray particles such as decay electrons 
from p-mesons, electrons scattered through large angles, and particles from 
nuclear interactions. From this observed rate it was calculated that below 
800 m of rock not more than one upward moving particle would be observed 
in 60 days. 


Below rock. — Below rock, the oscillograph sweep was initiated by pulses 
in the scintillation counter corresponding to more than 5 MeV energy release. 
The scintillator counting rate was around 80 per day, and on the oscillograph 
trace (of which a typical speci- 
men is shown in Fig. 3) 16events 
per day showed pulses from the 
upward looking counter. This 
rate agrees well with the de- 
termination of the flux of 


L SS at: 1 1 1 1 1 mr AE L SL 
cosmie ray particles by other 0 1 2 3 4 5 107s 
workers (°). Fig. 3. — Oscilloscope trace of a downward moving 


In addition to other checks particle. A) pulse of (1/4); B) pulse of scintil- 
to ensure that the Cerenkov lation counter; ©) pulse of (5/8); D) reflection 
counters were operating effi- of B) which was introduced to identify it. 
ciently, they were rotated 
through 180° for some of the runs without changing any electrical connections. 
Thus. the counter which was normally used to «look» for upward going 
particles was observed to be recording cosmic ray particles efficiently. 

From the observed size of the signals from cosmic ray particles at sea level, 
it was possible to calculate the minimum energy necessary for incident upward 
moving particles to give a detectable signal in the counter array. This minimum 
energy was found to be 20 MeV, 80 MeV, and 100 MeV for electrons, u-mesons 
and z-mesons, respectively. 

Data were recorded for runs of 82 hours over a 90 cm layer of water (Run I), 
78 hours over a 5 cm layer of lead (Run IT), and 105 hours over a rock floor 
(Run ITI). During the 265 hours of running, 199 pulses were observed from 
the upward «looking » Cerenkov counter, and 70 pulses were observed from 
the downward «looking » counter. Each of these 70 pulses was accompanied 
by a pulse at least twice as large in the other Cerenkov counter. 

Thus in all the running time under rock, no event was observed compatible 
with the traversal of the apparatus by an upward moving particle. 


(©) P. H. BARRETT, L. M. BOLLINGER, G. Cocconi, Y. EISENBERG and K. GREISEN: 
Rev. Mod. Phys., 24, 133 (1952). 
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5. — Conclusions. 


To derive a lower limit for the nucleon lifetime from this experiment, it 
was necessary to make some assumptions about the decay mode. We assumed 
arbitrarily that a proton or neutron decays with a lifetime 7, and gives one 
charged decay product or one photon. We assumed a kinetic energy of 250 MeV 
to be available to one particle, thereby including a large variety of conceivable 
decay modes. The charged decay products were assumed to be either positrons, 
u-mesons or 7-mesons. Then knowing the range of the charged products and 
the pair production cross-section for the photons, and correcting for radiation 
loss and nuclear interactions, we calculated the expected upward flux through 
the counter system. Since no particles were observed, we assumed that the 
mean number of particles arriving in a time equal to that taken by the ex- 
periment was one in order to obtain a lower limit on the lifetime. The limits 
on the lifetimes obtained for the different assumed decay modes vary by up 
to a factor of 2. In the text the limits relevant for the decay with the emis- 
sion of a positron are quoted. Table I summarizes the limits for all the decay 
modes considered. 


TABLE. 


Lifetime limit in years for 
| Assumed i 
decay product Protons in Protons in | Nucleons in 
| Hydrogen Run I Lead Run II | Nuclei Run III 
lara | pe Tr 
v=. mesons | 4.2-10% years 4.3-1025 years . | 2.8-1026 years 
T-mesons 2.9 » 3.4 » | US ) 
| i | 
Positrons 4.7 » 3.6 ) | 1.8 » 
Photons 2.2 » 3.6 » 1.5 ) 


From the run above water (Run I), we found a lifetime of 4.7-1024 years 


for the decay of protons in hydrogen, for example by the process 


(A) poet + e=+ et. 


The capture process 


(0) pte +e se, 
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has a lifetime proportional to Z-* per proton in the nucleus (5). In order to 
get a good limit on this reaction, the counters were ran over lead (Run IT). 
The limit we found for the lifetime per proton in lead was 3.6-1025 years. 

The lifetime for process (C) can be calculated on the basis of OPT inva- 
riance and a four-fermion interaction for an assumed lifetime for process (A). 
The lifetime calculated thus for process (C) with the experimental limit for 
process (A) obtained from Run I is much longer than the direct experimental 
limit obtained from Run IT. In the spirit of this investigation, however, all 
conservation laws are suspect. 

Finally, assuming that nucleons in nuclei decay with the same lifetime as 
free nucleons, and combining the above data with those from the runs over 
a rock floor (Run IIT), we find a lifetime 7> 1.8-102 years. 


We should like to express our thanks to the Bern-Lôtschberg-Simplon 
Railway administration and personnel for their most generous and willing help 
in making this experiment feasible. 

We are indebted to the Swiss Federal Railways for making available to 
us a motor alternator set. 

Two of us (H.F. and L.J.K.) are grateful to the Ford Foundation for 
financial support. 

Finally, we wish to acknowledge with appreciation Professor G. BERNAR- 
DINI’s critical reading of the manuscript, the interest of Professor O. J. BAKKER 
in this experiment and the hospitality of the CERN laboratory. 


RIASSUNTO (?) 


Si è eseguita una ricerca delle particelle relativistiche cariche emesse dal decadi- 
mento dei nucleoni. Non sono stati individuati eventi del genere, e secondo i postulati 
assunti sul modo di decadimento, si possono porre limiti inferiori alle vite medie dei 
nucleoni. Queste variano fra 1.5-10?° e 2.8-1026 anni per nucleoni in nuclei a più par- 
ticelle e fra 2.2-10?4 e 4.7-10?4 anni per i protoni nell’idrogeno. 


(*) Traduzione a cura della Redazione. 
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(La responsabilità scientifica degli scritti inseriti in questa rubrica è completamente lasciata 
dalla Direzione del periodico ai singoli autori) 


A Note on a Possible Classification of Strangeness-2 Mesons. 


G. BrAEKOWSKI and A. JUREWICZ 


Institute for Theoretical Physics, Warsaw University - Warsaw 


(ricevuto il 5 Gennaio 1960) 


Recently the existence of two new 
unstable particles with the mass of 
about 1400 m, has been reported (1) on 
the basis of recent and previous obser- 
vations as well. These are called D* par- 
ticles and supposed to be heavy mesons 
of strangeness +2 and charge +e respec- 
tively. In connection to the above inter- 
pretation of the experimental data we 
would like to give some speculations on 
possible classifications and interactions 
of D particles. 

At first let us investigate some existing 
classifications schemes from the point of 
view of the possibility of including DE 
particles into them. 

In the d’Espagnat-Prentki theory (?) 
an introduction of mesons of strangeness 
2 leads to U=+2. It has been shown 
by RACAH (3) that such values for U 
lead to ambiguities. According to the 
«isoparity » formula p=i" we must 
assume that gp is an isopseudoscalar, 
if D is an isosinglet (in agreement with 
Yamanouchi’s suggestions). 


Now, two 
invariant interaction Hamiltonians can 


(1) T. YAMANOUCHI (preprint); see also: 
T. YAMANOUCHI and M. F. KAPLON: Phys. Rev. 
Lett., 3, 283 (1959). 

() B. D’ESPAGNAT and J. l'RENTKI: Nucl. 
Phys., 1, 33 (1956). 


(3) G. RACAH: Nucl. Phys., 1, 302 (1956): 


be formed: 


and YN v=gp » 


YN VEpD 

The former requires gp to transform 
under the gauge transformation with 
the factor exp [— 2i«], whereas the latter- 
with exp[+2i«]. Thus these two inter- 
action terms cannot occur simultaneously 
and we must reject one of them. No 
rule for cancelling one of the above 
terms is included in the theory. In such 
a case we may reject some of the origi- 
nally proposed interaction terms as well. 
In another scheme proposed by 
Tromxo (* there are many possibilities 
of introducing new mesons (not only D* 
particles). One of them consists in attri- 
buting the symbol (0; +1, +1) to D' and 
(0;—, 1—1) to DT, where the bracket has 
the meaning (13; J3, 73). There are still 
three other available possibilities (all of 
them as well as the previous ones belong 
to the representation I=0, J=1,J'=1 
in Tiomno’s notation), namely (0; 1, — 1), 
(0; — 1, 1) and (0; 0,0). The last may 
correspond to an as yet undiscovered 
meson, say D°. The others two are 
unknown charged particles of strange- 
ness 0. However, in order to intro- 


(4) J. TIoMNo: Nuovo Cimento, 6, 69 (1957). 
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duce D particles we must reject the 
limiting condition | Y|<1, originally pro- 
posed by Tiomno (condition |Q|<1 still 
remains valid). In such a situation the 
possibility of introducing in the theory 
new representations increases, if we do 
not confine ourselves to the condition 
|¥ |\<2. 

The situation is not clear in the case 
of the scheme proposed by Pats (5), 
since the knowledge of the only isotopic 
quantities conserved in the interactions, 
namely J, /,, K, K,, gives no information 
about strangeness, which is rather a 
phenomenological quantity here. On the 
other hand no prescription is proposed 
how to introduce in the theory a new 
field, in particular how to introduce in 
an only way the field of new particles 
of given strangeness and charge. Notice 
that for mesons of strangeness + 2 and 
charges + e respectively we have but a 
condition J,+ H,—0. The situation that 
is spoken about is caused by the fact, 
that Pais’ scheme deals with an iso- 
tructure only, whereas in the case of 
D particles the structure is as yet un- 
known and we would like to gain an 
idea of it basing on the strangeness 
structure. 

Finally let us consider the classifi- 
cation scheme given by SALAM and 
POLKINGHORNE (°). In this case we have 
the possibility of introducing one new 
kind of baryons connected with the 
(0, 1) representation, and two new meson 
fields connected with the (0, 0) (possibly 
x’ field) and (0, 1) representations. The 
last one, which was previously ascribed 
to the t-meson, forms a strangeness 
triplet; according to the formulae 


272 and (ge 19 +12, 


we have one particle with S— +2; 
O= =e (Di) one with S ——2, 


(5) A. PAIS: Phys. Rev., 112, 624 (1958). 
(5) A. SALAM and J. C. POLKINGHORNE: 
Nuovo Cimento, 2, 685 (1655). 
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Q = —e(D)), and one with S=0, Q=0 
(hypothetic D° particle). This seems 
to be the most natural way of intro- 
ducing D particles in the theory, but 
its value strongly depends on the exist- 
ence of D°. Then we shall give some 
considerations concerning D particles and 
their interactions according to the Salam- 
Polkinghorne scheme. If the D° particle 
does not exist these considerations would 
be of little value. 

In the Salam-Polkinghorne formalism 
we have only two three-field interactions 
with respect to the full four-dimensional 
rotational group in isospace. They are 


N,DagNg+ h.c. and K%D,,K,+he., 


since D, is a skewsymmetrical isotensor 
of second rank. N, and K, denote the 
quadruplets (.N°, E) and (K, K) respec- 
tively. 

The former term contains following 


components 
Een. ED Hea Dos ppl ss 
a nD", EDs, CH De DIE 


and their hermitian conjugates, where 
E, n, p, D stand for operators of corre- 
sponding fields. Similar expressions for 
the interaction of D particles with . 
K-mesons could be written. 

On the basis of the above formulae 
one can say that D particles are pro- 
duced in the following reactions 


TU ED e E Dan 


Tt+pon +D°, 
n'dgn>p. LD, 
Kp] Kt ED nn. 


As far as decays of D particles are 
concerned we note the strange fact that 
till now no decay of D* into charged 
K-meson and neutral pion was observed. 

Decays of D° might form a different. 
class of reactions, because of zero strange- 


758 G. BIAEKOWSKI and A. JUREWICZ 


ness of the neutral D. For example 


reactions 


D+nt+n, 


10) oe) se sie) 


should conserve I'?, IP and I” (i.e. iso- 
spin, its third component and strange- 
ness) and then could be considered as 
fast reactions. The only non-conserving 
quantity is 1%. If we believe that 
violation of symmetries causes a reaction 


to go slowlier, then the D° possible decays 
mentioned above proceed slowlier than 
the ordinary fast reactions, but faster 
than the ordinary slow reactions such 
as e.g. K decays. The possible decay 
D°+xt+t+7x might serve to detect the D? 
particle. 
KK OK 

The authors are indebted to Dr. R. 
Sosnowsktr for valuable discussions and 
information about the Dubna event 


(see (1)). 
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Low-Energy Photoproduction of Neutral Mesons from Complex Nuclei (*). 


R. A. SCHRACK ("*) 


National Bureau of Standards - Washington, D. C. 
University of Maryland - College Park, Md. 


S. PENNER and 


I 18; ADE 


National Bureau of Standards - Washington, D. C. 


(ricevuto 111 Gennaio 1960) 


Angular distribution measurements 
have been made of neutral meson photo- 
production from several elements using 
170 MeV bremsstrahlung from the Na- 
tional Bureau of Standards synchrotron. 
The two photons from the pion decay 
were detected in coincidence by two 
scintillation counter telescopes placed 
symmetrically about the X-ray beam. 
Each telescope subtended approximately 
26 degrees at the target. The mean 
correlation angle between the counter 
telescopes was 120°. 

Angular distributions were measured 
by rotating the plane of the counters 
about an axis perpendicular the X-ray 
beam. The angular resolution of such 
a detection system is essentially geome- 
trical having a width at half height of 
+6.5° for the plane of the counters 
near 90° to the X-ray beam, becoming 
progressively worse as the plane ofthe 


(*) Supported in part by U.S. Atomic 
Energy Commission Division of Research. 

(**) Based in part on work for a Ph. D. 
Thesis, University of Maryland. 


1783 


counters approaches the forward or 
backward directions. Accurate determi- 


nation of the angular-energy resolution 


function requires extensive computer 
calculations which have not yet been 
completed. 

The angular distributions  ,,,.(0), 


measured for the elements carbon, alu- 
minum, copper, cadmium, and lead are 
shown in Fig. 1. The solid curves 
(From Sin? 0) shown with the data points 
are based on Born approximation predic- 
tions of the angular distributions (1), 
assuming neutral pion production is 
equal from neutrons and protons. The 
nuclear shapes used are those for the 
charge distribution obtained from elec- 
tron scattering experiments (?). The 
predicted angular distributions shown 
are averaged over the bremsstrahlung 
spectrum, the neutral pion production 
eross section, and the relative efficiency 


(1) J. E. Leiss and R. A. SCHRACK: Rev. 
Mod. Phys., 30, 456 (1958). 

(3) R. HoFSTADTER: Ann. Rev. Nucl. Sci., 
1b Pail (L95905 
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of the counters as a funetion of decay 
photon correlation angle in the center- 
of-mass system. 


Relative counting rate 


Fig. 1. — Angular distributions of neutral meson 
production for C, Al, Cu, Cd and Pb. Points 
are data of this experiment. Errors shown are 
statistical only. The solid curves are based on 
Born approximation predictions using the same 
half-density nuclear radii as determined from 
electron scattering. Successive curves are shifted 
vertically one decade for illustrative purposes. 


Although these predicted distribu- 
tions are not exact in that they neither 
take into account the angular resolu- 
tion of the counters nor the transfor- 
mation to the laboratory system, it is 
possibile to draw some preliminary con- 
clusions: 


1) at the photon energies used in 
this experiment, the photoproduction of 
neutral mesons occurs primarily by the 
coherent process; 


2) the first peak in the angular 
distribution is fit fairly well by a Born 
approximation prediction using nuclear 
matter distributions having a half den- 
sity radius the same as that of the charge 
distributions determined from electron 
scattering experiments; 


3) the secondary maxima of the 
angular distributions do not agree with 
Born approximate predictions. The 
lighter the element the greater the 
discrepancy. This result is to be expected 
due to the interaction of the outgoing 
mesons with the recoil nucleus, and is 
qualitatively in agreement with the 
observations of RAINWATER (3) in meson- 
scattering experiments; 


fs ey | 


ii 


1 


= 


eel 


ee Pi vl 


A 100 200 
Fig. 2. — Observed cross section for neutral meson 
production divided by predicted form factor. 
The two points shown for Al illustrate the effect 
of changing the radius parameter 7) for that 
element. 


(@) W. F. BAKER, J. RAINWATER and R. E. 
WILLIAMS: Phys. Rev., 112, 1763 (1958). 


1784 


du np 
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4) in a Born approximate descrip- 
tion of the coherent production process 
o oc A*F? sin? 0. As shown in Fig. 1 the 
ratios 00s.(0)/(Fiom Sin? 0) are roughly 
independent of 0 for the first fall-off. 
Fig. 2 shows the proportionality of this 
ratio to A. A good fit to this curve is 
given by 06(0)/(Fin SIN? 0) oc ALS, 
This demonstrates that nuclear absorp- 
tion of the outgoing meson is not a large 
effect. 


The points in Fig. 2 at lead marked 
+5% indicate the effect of changing 
the half-density radius by +5% from 
the value given by electron scattering 
experiments. For changes in radius 
greater than this, no sensible fit to the 
angular distribution in lead can be 
made. The average half-density radius 
given by electron scattering experiments 


(IE! 
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and used here is R=r,- 43-10-33 em 
where r,—1.07 for most elements. For 
aluminum a value of r,=0.975 gives a 
better fit and is in good agreement 
with electron scattering results for neigh- 
boring elements. The experimental re- 
sults at higher energies obtained at 
MIT (*) show many features in excellent 
agreement with the results reported here. 

Complete analysis of these experi- 
mental data is in process. A comparison 
of this data with a theory which includes 
the effects of meson-nucleus interactions 
will provide an accurate 
nuclear density distributions. This more 
complete theory does not exist at the 
present time. 


measure of 


(4) G. Davipson: Ph. D. Thesis MIT 


(Sept. 1959), unpublished. 
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R. W. WILLIAMS (**) 


Physics Department, University of Washington - Seattle, Wash. 


(ricevuto il 15 Febbraio 1960) 


The interaction (or collision) mean 
free path of high-energy cosmic rays in 
the atmosphere is a quantity which is 
frequently needed in analyses of cosmic- 
ray intensities; it is also directly related 
to the fundamental question of the 
inelasticity of high-energy collisions. In 
this note we present cross section cal- 
culations which relate the mean free 
path to measured or extrapolated quan- 
tities. Recent information on nuclear 
densities of light nuclei and on elemen- 
tary cross sections at high energy leads 
to a rather definite value for the mean 
free path of nucleons of less than 100 GeV. 
This quantity is not directly measurable 
in the cosmie radiation, and in the past 
it has often been allowed a wide latitude 
(for example, in the recent analysis of 
SUBRAMANIAN and VERMA (1)). 

It is straightforward to calculate for 
high energies the interaction cross section 
of a nucleus of known density distribu- 
tion (*), in terms of the effective nucleon- 


(*) Supported by U. S. 
Research. 

(**) On leave of absence from Massachusetts 
Institute of Technology. 

(*) A. SUBRAMANIAN and S. D. VERMA 
Nuovo Cimento, 13. 572 (1959). 

(*) R. W. WILLIAMS: Phys. Rev., 98, 1387 
(1955). 


Office of Naval 


nucleon cross section o. The results are - 
sensitive to the choice of 6, and to a 
lesser extent to the treatment of the 
finite range of interaction; these matters 
are discussed in ref. (2). For our present 
purpose it is clear that the elementary 
act of interest is the production of par- 
ticles (mainly pions); that enough mo- 
mentum will be transferred to eliminate 
Pauli-principle worries; and therefore 
that 6 must be identified with the 
inelastic nucleon-nucleon cross section, 
preferably an average of (Gp); and (0mp)i: 
Fig. 1 shows the (pp) inelastic cross 
section as measured with proton-syn- 
chrotron beams, and a related cosmic- 
ray measurement. Several measurements 
cluster around 27 mb in the (1-3) GeV 
region; emulsion measurements from the 
Bevatron (3) and from Dubna (4) show 
little change to 9 GeV; and the inter- 
action cross section in the cosmic-ray 
beam (in iron) by BRENNER and WIL- 


(3) R. M. KALBACH, J. J. LoRD and C. H. 
Tsao: Phys. Rev., 113, 325 (1959); M. BLUE and 
J. J. LORD: to be published. 

(4) N. P. BOGACHEV, S. A. BONJATOY, JU. P. 
MEREKOV and V. M. SIDEROV: Dokl. Akad. 
Nauk. SSSR, 121, 617 (1958). A slightly higher 
value (25mb) is quoted in the proceedings 
of the 1958 Geneva Conference. 
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LIAMS (°) indicates a mean value of the 
elementary cross section at about 50 GeV 
nearly equal to the lower-energy results. 
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a calculation with experiment was done 
by Cronin, Coon and ABASHIAN (7), who 
found that an r.m.s. range of 0.78 fermi 
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Fig. 1. — Cross section for particle production in p-p collisions. The curve at low energies is an 


average of several determinations. The 50 GeV point is an indirect cosmic-ray measurement. 


The charge density distributions in 
UN and 160 nuclei have recently been 
determined with considerable preci- 
sion (5). The electron-scattering results 
agree very well with the form of distri- 
bution expected from the shell model 
with oscillator wave functions: 


2 72 


(1) 0 — + af exp 


a a? 


The empirical values found for the para- 
meters were; N, x=1.667, a— 1.667 fermi: 
Of — 1.60, a 1-82 fermi* (1 fermi = 
=10-% em). To calculate the interaction 
cross section we need the nuclear matter 
density, folded with a function which 
describes the finite range of the interac: 
tion (2). An aecurate comparison of such 


(*) A. E. BRENNER and R. W. WILLIAMS: 
Phys. Rev., 106, 1020 (1957). 

(9) U. MEYER-BERKHOUT, K. W. FORD and 
A. E. S. GREEN: Ann. of Phys., 8, 119 (1959). 


t 

co 
t= 
mm 


gave good agreement with the observed 
cross sections. We used the same r.m.s. 
range (in a gaussian range function for 
convenience) to fold into eq. (1). In a 
typical case it raised the cross section, 
over that calculated from (1), by 21%. 

The results, for the interaction cross 
section of N and O, are given in Fig. 2. 
As a check, one can compare with a 
recent high-energy experiment on 12C in 
which the inelastic cross section for 
4.5 GeV neutrons was obtained (8). Ar- 
KINSON ef al. found o;=(218-+8) mb, 
whereas for o=27 mb our N cross 
section, scaled down by an approximate 
scaling law, gives 209 mb. 

The interaction mean free path in air 
{including a small contribution from 


(7) J. CRONIN, R. Coon and A. ABACHIAN: 
Phys. Rev. 107, 1121 (957). 

(8) J. ATKINSON, W. Huss, V. PEREZ- 
MENDEZ and R. WALLACE: Phys. Rev. Lett., 
2, 168 (1959). 
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argon) is also shown in Fig. 2. If we take 
25 mb for G near 10 GeV, A~ 106 g cm ®. 
It can scarcely be less than 90 g em? 
in the region below 100 GeV, if the data 
of Fig. 1 are to be believed. In their 
analysis of the pion intensity in the 
atmosphere, SUBRAMANIAN and VERMA (1) 


R. W. WILLIAMS 


usually assumed; it seems certain that 
a value much above 100 g cm would 
come into conflict with the evidence for 
elasticity, and a new look at the entire 
problem would be necessary. (The energy 
retention after an average air-nucleus col- 
lision would be <0.5 with À—90 g em ?). 
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point out that a 4 of 70gcm=? would 
lead to better agreement among their 
calculated quantities, but this value 
is surely ruled out by experiment, at 
least over a good part of their energy 
domain. 

The observed attenuation length of 
primary protons and other high-energy 
(> 10 GeV) cosmic-ray nucleons is 
—125gem?. The difference between 
this number and 4 is generally attrib- 
uted to the incompleteness of energy 
degradation in a collision — the « partial 
elasticity » and there is independent 
evidence for some elasticity (e.g., direct 
measurement at 6 GeV (*); charge-to- 
neutral ratio at higher energies). Even 
our minimum value of 90gem- for À 
already indicates less elasticity than is 


25 F(mb) 
Fig. 2. — Calculated interaction mean free 
nucleon-nucleon cross section. 


path of nucleons 
Also sho wn are the cross sections of nitrogen and oxygen nuclei. 


—180 
30 35 40 


in air as a function of elementary 


In summary, the interaction mean 
free path is constrained to a value near 
100 g em, the uncertainty in this value 
being perhaps 10% in the (1--10) GeV 
region, somewhat more in the 
(10 +100) GeV region. 

An interesting consequence of this 
long collision path is the penetration of 
cosmic-ray primaries to mountain alti- 
tudes. If the cross sections do not rise 
dramatically above 100 GeV, the atte- 
nuation of the primary proton beam, 
near the vertical, would be only about 
10-3 at a depth of 700gem=. With 
the usual primary proton spectrum this 
leads to a mountain-altitude intensity of 
primaries, uncluttered by secondary-in- 
teraction products, of ~ 0.02 m-? s-! sr! 
with energies H > 100 GeV. 
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On the Cosmic Ray Storms of July 1959. 


D. Carrant and M. Gaui 


Istituto di Fisica dell’ Università - Bologna 


(ricevuto il 1° Marzo 19€0) 


A very important group of events 
interesting solar activity and related 
geophysical phenomena occurred  be- 
tween the 10th and the 20th of July 1959. 

In that period two cosmic ray scin- 
tillator monitors were operating in Bo- 
logna; we shall give here their charac- 
teristics. 

Both were placed in this Institute 
(geomagnetic latitude: 44.5° N, altitude: 
50m above s.l.) in the same thermo- 
statized room under 450 g cm? of con- 
crete. 

In one of them the scintillator is 
made of toluene with terfenile and 
POPOP, it is in a cilindrical container 
coated with white enamel; it is 10 cm 
thick and has 0.8 m? of sensible area. 
In the other one the scintillator is of 
polystyrene with terfenile and POPOP, 
it is 10 cm thick and has 0.5 m? of sen- 
sitive area. 

For each of them, a photomultiplier 
EMI 6099 has been used with the same 
type of electronic circuits. 

The pulse spectrum has a platean 
corresponding to the particles which 
can traverse the whole layer of scin- 
tillator losing the minimum energy. In 
that plateau a variation of 0.1% of 
the counting rate corresponds to 1% of 
the discrimination voltage. 
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Only the pulses higher than the ones 
corresponding to the plateau are counted. 

The first monitor gives about 
200 000 count/h and the second one 
gives about 300 000 count/h. 

In Fig. 1 hourly pressure corrected 
intensities of the single monitors and 
their sum are plotted. 

At the bottom of the figure, are 
indicated solar flares with their dura- 
tion and importance, the radio burst 
associated to the flares, the SSC, three- 
hourly values of Xp indexes and an 
Aurora (12). 

Fifteen-minute pressure corrected in- 
tensity for the three decreases of July 11, 
15, 17 is plotted in Figs. 2, 3, 4; the coun- 
ting rate is about 130000 count/15 min. 

The correlation between class 3* flares 
associated with radioburst and Forbush 
decreases is very striking. 

A peculiar feature is shown by the 
July 15 decrease (Fig. 3); after the SSC 
of 0802 UT there is a small decrease 
lasting a little longer than an hour, 
afterwards there are strong fluctuations 


(1) Solar Geophysical Data, Part B, C.R.P.L. 
Boulder (Colorado) Aug. 1959. 

(*) Preliminary Report Solar Activity TR 411 
and supplement Report, High altitude Observa- 
tory, Boulder, Colorado, 1959 (Unpublished). 


D. CATTANI and M. GALLI 
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Fig. 2. — Fifteen-minute interval details of Fig. 1 for the Cosmic Ray decrease of July 11, 1959; 
counting rates are centered at the center of each interval. 


with an increasing tendency. At about 
1430 UT there is a new decrease occurring 
in a period not longer than 15 min, it 
is about one half of the whole decrease 


and it is the most rapid so far recorded 
with our devices. From data so far 
collected it appears that inside an in- 
terval not longer than 15 min it is simul- 
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Fig. 3. — Fifteen-minute interval details of Fig. 1 for the Cosmic Ray decrease of July 15, 1959; 
counting rates are centered at the center of each interval. 


1791 


768 D. CATTANI and M. GALLI 


Altea 


UT July 17 1959 18 


Fig. 4. — Fifteen-minute interval details of Fig. 1 of the Cosmic Ray decrease of July 17, 1959; 
counting rates are centered at the center of each interval. 


taneous with a 3% decrease of the The same decrease is also simultaneous 
neutron intensity occurred at Deep in an interval shorter than an hour with 
River, Canada (see Fig. 5). its correspondent recorded at Hobart. 


| _ 
| Di 
Î =] 
1% Bologna —sd:I 


| 5 308450 Vs rod re 
UT 1400 150011197 «30035509 
July 15 1959 


Fig. 5. — Comparison between scintillation monitor counting rate at Bologna and neutron 

monitor counting rate at Deep River and at Hobart during the main decrease of the July 15, 1959 

Cosmic Ray Storm. Deep River five-minutes data are smoothed with a running o over 
fifteen minutes, 
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It would be very interesting to know 
if this decrease is world-wide simulta- 
neous in a period shorter than 15 min. 

The pick immediately before 1500 UT 
(see Fig. 1) might be interpreted as a 
superposition of a Forbush decrease with 
an enhanced diurnal oscillation in agree- 
ment with what has been pointed out 
elsewhere (3). 


(3) D. CATTANI, and M. GALLI: 
sented at the C. R. 
6-11; 1959. 


paper pre- 


Moscow meeting July 


49 - Il Nuovo Cimento. 
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Decreases of July 11 and 17 (see 
Figs. 2 and 4) are instead much slower, 
although they are world-wide; it is dif- 
ficult to see any simultaneity in an 
interval shorter than one or two hours. 


* OK OK 


We wish to thank the Hobart and 
Deep River Cosmic Ray Groups for 
using their data. 
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Determination of K'-n P-Wave Phase Shifts from K*-d Reactions (*). 


T. B. Day, L. S. RopBERG, G. A. Snow and J. SUCHER 


University of Maryland - College Park, Md. 


(ricevuto il 25 Marzo 1960) 


There seems to be definite evidence for P-wave scattering in the K*-neutron 
system from the charge-exchange scattering data at energies of about 200 MeV (1:?). 
Thus, while the isotopie spin 7=1 scattering can be well represented by S-wave 
scattering alone in this energy region (3), the 7=0 scattering requires both S- and 
P-wave phase shifts. K*-deuteron scattering experiments are currently being per- 
formed at Berkeley (4). It is the purpose of this letter to discuss the extent to 
which such experiments can determine the P-wave phase shifts. 

We have evaluated the K°-deuteron differential cross sections for the charge 
exchange and non-charge exchange (elastic plus break-up) processes at an incident 
momentum of 520 MeV/e (kinetic energy=224 MeV). The impulse and closure 
approximations have been used throughout (°). The incident energy is sufficiently 
high that these approximations are expected to be reliable, but it is not so high 
that many partial waves will contribute to the elementary K-nucleon cross sections. 
We are principally interested in the differential cross sections at angles for which 
the K-nucleon interaction dominates over Coulomb and many-body effects (5). 
The Coulomb scattering corrections are quite small (<10%) for laboratory scattering 
angles greater than 30° (the Coulomb correction factor for the charge exchange 


(*) This research was supported in part by the United States Air Force through the Air Force 
Office of Scientific Research of the Air Research and Development Command and in part by the 
U.S. Atomic Energy Commission. 

(1) D. Kurrr, A. Kernan, A. Montwit, M. GRILLI, C. GUERRIERO and F. A. SALANDIN: 
Nuovo Cimento, 12, 241 (1959); E. HeLMY, O. R. PRICE, D. H. STORK and H. K. TrcHo: Proc. of 
the Ninth Annual Conference on High-Energy Physics (Kiev, 1959, unpublished); L. ALVAREZ: Report, 
VCD: 16: 

(?) L. S. RODBERG and R. M. THALER: Phys. Rev. Lett., 4, 372 (1960). 

(@) TD. Kyora, L. T. Karte and R. G. BAENDER: University of California Radiation Labo- 
ratory Report UCRL-8753 (anpublished). 

(4) G. GOLDHABER: private communication. 

(°) E. M. FERREIRA: Phys. Rev., 115, 1727 (1959). 

(°) At smaller angles (6,1 < 30°) where many-body effects become important, the approximations 
used here are expected to be only qualitatively correct (see S. FERNBACH, T. A. GREEN and K. M 
WATSON: Phys. Rer., 84, 1084 (1951)). 


1794 


DETERMINATION OF Kt-n P-WAVE PHASE SHIFTS FROM K*-d REACTIONS ZII 


cross section (Fig. 1) is negligible at this energy). The interference term between 
the neutron and proton amplitudes, which depends on the deuteron wave function, 
falls rapidly with angle and is also negligible at the larger angles of interest. 


20 
a 
ab: 
x 
c|S 10 
103 ho) 
D 
D 
00 1 L 4 
109) 08 06 O4 02 CORP 2 ey, CE = HH 
cos 9 igp 
Fig. 1. — K*-deuteron charge exchange scattering differential cross section (mb/ster) vs. cos Gay Of 
the K° in the laboratory, for incident K*+ laboratory momentum of 520 MeV/c. Case no. 1, i.e. 
doi = des = © 18°; db,= +79; di= — 34°. (Coulomb effects are ignored). 


(At 0,,,=30° it is down to 15% of its value at 0,,,=0°.) Then the non-exchange 
cross section reduces simply to the sum of the free neutron and proton scattering 
cross sections: 

dos dot dot 

dQ do do 


(1) 


Likewise, the K*-d charge exchange cross section differs from the corresponding 
K*-neutron cross section mainly in the forward direction, where the Pauli principle 
restricts the possible final states of the two outgoing protons. Since the K*-d 
cross section is, according to our assumptions, so closely related to the K*-nucleon 
cross sections, it is advantageous to consider the K*-d cross section in the K*-nucleon 
c.m. system. In this system we have (for K*-nucleon c.m. angles, 0, > 48°, corre- 
sponding to 0,5, > 30°) 


doz. 1 cee 
TO a Ma + No + (2708 + 01) 208 On |? + Nos — Nox |? SIN? Bom. » 


1 ua 
— =—|1 — No — (2703 + 01) 08 0e.m. |? + als AR ON nan. 9 
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where 7, = (1/Kem,.) exp [id] sin 6, with a= 7 for S-wave, and «=(7, 2j) for P-wave. 

At this energy the K*-proton scattering data (3) give an S-wave phase shift 
6,= — 34°. A recent analysis of K* scattering in emulsion by RODBERG and 
THALER (2) gives for the S-wave, T=0, K*-nucleon scattering length, the value 
a, = (--0.080+0.068) fermi. Their analysis, using only the totali nelastic and total 
charge exchange cross sections, does not determine the individual P-wave phase 
shifts, but rather the weighted average 


(3) uo = + sin? di + 3 sin? dog = SIN? dop - 


They fit the values of do, with a zero effective range formula, ke», cot Don (3) 
and find |@,|= (0.44+0.03) fermi. 

To exhibit the dependence of the charge exchange and non-charge exchange 
cross sections on the P-wave phase shifts, the results for four representative com- 
binations of 0), and 0), are presented here. These four cases, with values of the 


TaBLe I. — Results of impulse and closure approximations calculation for the K*-d 
reactions at a K*-laboratory momentum of 520 MeV/c. The S-wave phase shifts were 
taken as dj = + 7°, 6, = — 34°. 

Case no. 1 Case no. 2 Case no. 3 Case no. 4 

sin 2001 = 

= — 2 sin 20,3 

dor = Sos do = 0 dos = 0 dos = + 12° 

Cor E 18° 003 = + 22° do1 = + 32° do = + 26° 
| 
{ 

dos (58°) 
Shin 0.63 mb/sr 0.85 mb/sr 1.1 mb/sr 1.3 mb/sr 


dot, (37°)/dQ 7.3 (do = +) | 7.9 (05 = +) | 4:7 (65; = +) 


dot, (90°42 | 0.44 (d= —) | 0.38 (8 = —) | 0.89(8, = —) | 7? 
dop (200) 10.4 (do; = +) [10.1 (063 = +) | 5.2 (69, = +) 
doz. (90°)/dQ 0.52 (001 = —) | 0.17 (853 = —) | 0.51 (5), = —) Use, (asia) 
dose (58°) 

ae 2.4 mb/sr 2.7 mb/sr 2.9 mb/sr 3.0 mb/sr 
dope (37°)/AQ | 24 (Sr = +) | 2.7 (805 = +) | 3-0 (5 = +) 
dot (00 OMS A0 EE) IEC ME SEE) 
dose (26°)/dQ | 3.0 (5 = +) | 3.2 (dos = +) | 3.6 (do = +) 
do (90/42 | 84 (=) | 14 ee 
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DETERMINATION OF K*-n P-WAVE PHASE SHIFTS FROM K+-d REACTIONS 
phase shifts chosen to give |a,,|— 0.44 fermi, are 
(Case) thew Yh = Oy == SL I 
Case 2: 6), = 0, ds = - 22°, 


Caro Oe =O, dn sb eee. 


Case 4: sin 26), = —2sin 2093, Os =+12°, 6), = F 26°. 


Case 1 gives no spin-flip while case 4 gives maximum spin-flip. The results for 
the differential cross sections, with Coulomb and many-body effects included (OL 
are summarized in Table I. 

The differential charge exchange cross section is sensitive to the choice of phase 
shifts. For a K-nucleon c.m. angle of 90° (0,,p=58°) the non-spin-flip contribution 
to the cross section vanishes, and the differential cross section depends (for given 
S-wave phase shifts) only on the spin-flip combination of P-wave phase shifts, 
sin? (053 — 09;). Thus a measurement of the differential cross section at this angle 
will yield the magnitude of the difference between the P-wave phase shifts. Table I 
shows that the charge exchange cross section at this angle varies by a factor of 
two over the range of possible values for this difference. 


Ie Il L I 1 J 
CN OS GT er, 
cos Blob 


00 1 1 L L 
10 


Fig. 2. — K*-deuteron non-charge-exchange scattering differential cross section vs. cos 6, of the K+ 
in the laboratory, for incident K* laboratory momentum of 520 MeV/c. Case no. 1, i.e. 5p: = 09 = + 18°; 
695=+7°; = — 34°. (Coulomb and many-body effects are included). 


The shapes of the cross sections are sensitive to the sign of the P-wave phase 
shifts. This dependence is illustrated in Figs. 1 and 2, where the cross sections for 
case 1 are presented. Case 1 has the largest dependence upon the sign of the phase 
shifts, since the non-spin-flip amplitude, which interferes with the S-wave ampli- 


1797 


774 T. B. DAY, L. S. RODBERG, G. A. SNOW and J, SUCHER 


tude, is largest for this case (for fixed @,). In Table I we give the ratios of the 
differential cross sections for a laboratory angle of 37° to that at 90°, and for 26° 
to that at 90°. (The latter ratio, while significantly larger than the former, is not 
as reliable (5).) These ratios are sensitive to the sign of the P-wave phase shifts 
for the first three cases. For case 4, the differential cross sections are independent 
of the sign of these phase shifts. The shape of the non-exchange cross section is 
not as sensitive to the sign as is the charge exchange cross section, since it contains 
a large incoherent contribution from the proton (only the neutron cross section 
contains a P-wave amplitude). 

We conclude from these results that a measurement, to an accuracy of ~10%, 
of the differential cross section for charge exchange scattering of K+-mesons by 
deuterons can distinguish between the cases discussed here. A measurement at a 
K-nucleon e.m. angle of 90° can determine the magnitude of these phase shifts, 
and a measurement of the forward or backward peaking in the K-nucleon system 
(achieved, for example, by measuring the ratio of the cross sections near 20°, 40° 
and 90° in the laboratory, at 520 MeV/c) can determine the sign of the P-wave 
phase shifts (except near case 4). Finally, a measurement of the same ratio for 
the non-exchange cross section can provide a check on the sign of the P-wave 
phase shifts. 
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Evidence for Two Pion-Pion Resonances. 


F. SELLERI 


CERN - Geneva 


(ricevuto il 30 Marzo 1960) 


Recent experimental results on the detailed behaviour of the total 7*-p cross- 
section (c*) with energy have appeared ('). In this note we want to point out that 
a careful analysis of the existing experimental information on high energy 7*-p scat- 
tering suggests the existence of two pion-pion resonances in the isotopic spin states 
I=1 and J=2. First of all we will discuss the 0.9 GeV maximum in o-. We will 
see that the only explanation of it, which does not contradict any existing experi- 
mental fact is in terms of a strong pion-pion interaction in the J=1 state, in full 
agreement with current theoretical ideas (2). Noting furthermore the striking simi- 
larity between this maximum and the one in o* at 1.3 GeV, we will deduce that 
also a [=2 x-r resonance should exist. 


1. — Maximum in o at 0.9 GeV. 


Elastic and inelastic cross-sections for x--p scattering both show a maximum 
at 0.9 GeV (3). Our discussion will be concerned only with the inelastic part. In 
view of the experimental angular distributions (*) it seems reasonable to believe that 
the hump in the elastic part is nothing but diffraction scattering. Whether it is 
so or not, is, however, unimportant for our interpretation of the inelastic part. 
The latter is ~ 85% composed of single pion production (35) and we will therefore 
discuss this process only. 

The idea that the 0.9 GeV maximum in o7 is due to the z-z interaction is an 
old one, and was first suggested by Piccioni. Dyson (5) noted that a I=0 reso- 


(1) T. J. DEVLIN et al.: Phys. Rev. Leit., 4, 242 (1960). 

(3) G. F. CHEW and S. MANDELSTAM: UCRL-8728; W. R. FRAZER and J. R. FuLco: Phys. 
Rev. Lett., 2, 365 (1959); Phys. Rev. 117, 1609 (1960). 

(3) R. R. CRITTENDEN ef al.: Phys. Rev. Lett., 2, 121 (1959). 

(4) A. R. ERWIN and J. K. Kopp: Phys. Rev., 109, 1364 (1958). 

(5) V. ALLES-BORELLI et al.: Nuovo Cimento, 14, 211 (1959). 

(5) F. J. Dyson: Phys. Rev., 99, 1037 (1955). 
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nance for the #-x system would have had no effect at all on x*-p scattering while 
it could have strongly enhanced the x~-p total cross-section. TAKEDA (7) remarked 
that also a /=1 resonance could have explained the 0.9 GeV hump. Indeed it would. 
have scarcely influenced the behaviour of o*. 

The simple model in which the incoming meson hits a meson of the cloud and 
shakes it off without any further interaction (see Fig. 1) led to definite predictions 
both on the branching ratios for single pion production and on the qualitative 

behaviour for the spectra of the final state particles 
(for example a maximum in the c.m. energetic 

4 spectrum of the nucleons, corresponding to the for- 
4 mation of the pion-pion isobar, was expected). More 
- detailed experimental analysis (8) completely dis- 
proved these predictions, while on the other hand it 
fully confirmed the predictions of the Lindenbaum- 
Sternheimer isobar model (*). This seemed to rule 
out a strong contribution of pion-pion interaction 
: to single pion production. In favour of this expla- 

Fig. 1. nation there remained the fact that the radius of 

the nucleon considered as an absorbing sphere was 

found to be of the same order as the Compton wave length of the z-meson (4). Let 

us see now how a careful analysis of experiments leads to the conclusion that the 

x-x interaction must be responsible for the 0.9 GeV maximum. The known features 
about =-p scattering at these energies are: 


i) the isobar model predicts energetic spectra in good agreement with the 
experimental ones, especially for the reaction 


(1) Ton DE ee erm) 
li) evidence of a contribution from the diagram of Fig. 1 to the process 


(2) Tt+poptr0 +7 
has been found (19-11); 


iii) at 1 GeV reaction (2) has a cross-section of — 7 mb. In it the diagram 
of Fig. 1 plays an important role (!!). Roughly speaking one can say that its 
contribution is surely more than 50% at this energy; 


iv) at the same energy no evidence at all in favour of this diagram is found 
in the case of reaction (1) (12). 


It is easy to see that the idea that only x-x interaction contributes to pion 
production does not contradict the fact that the 3.3 isobar model seems to explain 


(*) G. TAKEDA: Phys. Rev., 100, 440 (1955). 

(8) E.9., see ref. (5). 

(*) R. B. STERNHEIMER and S. J. LINDENBAUM: Phys. Rev., 109, 1723 (1958) 
(1°) F. BonSIGNORI and F. SELLERI: Nuovo Cimento, 15, 465 (1960) 2 
(31) I. DERADO: Nuovo Cimento, 15, 853 (1960). 

(2) I. DERADO: private communication. 
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experimental facts. Indeed let us Suppose that the primary interaction has taken 
place in the cloud. The wave length of the final state pions is much bigger than 
that of the incoming one because there has been a loss of energy in the production 
of one pion and because the energy is now divided among three particles. It happens. 
that the relative energy of each pion and the nucleon is in the range where the 
3.3 resonance dominates. Furthermore the dimensions of the wave packets of the 
pions are such that they partially overlap the nucleon core immediately after having 
been produced. Thus a secondary interaction between the pions and the nucleon 
is to be expected and it is not surprising that the 3.3 isobar model gives a good 
description of the experimental data. If this idea works, however, we do not expect 
the 3.3 final state interaction always to be present. From the above picture it 
follows indeed that the two pions have a certain probability of interacting, but also 
a certain probability of not having any further interaction with the nucleon, the 
latter being greater when the strength of the pion-nucleon interaction is smaller. 
Thus we expect that of the two reactions (1) and (2) the second would be more 
suitable for the observation of the simple Dyson-Takeda x-r interaction (i.e. a 
7-7 interaction without final state interaction) owing to the fact that in the final 
state of the first reaction the x--n system is in the pure isotopic spin $ and thus 
has a much bigger probability of interacting. All this is in full qualitative agree- 
ment with points ii)-iv). 

Let us now refer to Fig. 1 and discuss the probability of having the incoming 
and virtual mesons in different isotopic spin states, starting from the initial TÈE-p 
systems. As has been shown in (1) the cross-section predicted by this diagram is. 


06 


Aa XOrn(w) F(w?, A2), 


(3) 


where 4 is the 4-momentum transfer to the nucleon, w is the total energy of the 
two 7’s in their c.m.s., «—2 (1) if in the lower vertex a charged (uncharged) pion 
is emitted, o,, is the total x-x cross-section, F(w?, A*) is a function independent 
of the charge states of the pions. The various x-m cross-sections for « physical » 
processes can be written in terms of cross-sections for pure isotopic spin states in 
the following way 


(4) Ott =m ET nt) =o, 


1 1 lap 
(5) o(rt+n7°>n=+7°) — a + Fue AL COS Os 


il 1 1 LES 
(6) o(m-+rt>n-+nt) = x; 03 de i di ae a rae! cos 64, + 


Le ae LR 
+ n 4/0209 COS 020 + = 4/616 €08 bo + 


€ 


1 1 a 
(7) o(x-+nt>7+7°) = gt oe VA 00 CONSONO 


where o, is the cross-section for the I=a state and 0,, is the phase difference 
between the amplitudes for /=a and 1—b states. The 6’s are chosen so as to 
Satisfy 0,,+02+0,1=0. In the following Table the values of the cross-sections for 
single pion production as obtained from (3)-(7) are given, in the extreme case where 
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only one isotopic spin state is important. The quantity 


Ja = fot rue, w?) dA2dw? , 


is taken as the unit. 


Wess Ik, 


| J, as unit 


Quiby A only [=1 only I=2 


o(pîon*+) 0 0 2 
o(p+—p*) ‘ | 0 1 1 
CDR LE) i 1 DA 
3 op”) | 0 i È 
o(p~ +n) 2 ; 2 


As is easily seen from the preceding Table if we want a big effect on 67 
only we are forced to take the 7-7 interaction in the [=1 state, the possibility 
of it being in [=0 being ruled out by the fact that point ii) could not have have 
been observed in reaction (2). In this case, however, an effect is expected also on ot. 
This could be in agreement with the fact that a smaller hump in o* seems to exist 
at 0.9 GeV (1). We note that if the existence of this hump should be confirmed it 
would constitute strong additional evidence in favour of 7-7 interaction in the 
sense that it would exclude the cause of the 0.9 GeV hump in o to be in the 
I=} state of the pion-nucleon system. Thus the idea that the inelastic channel 
for x--p scattering goes mainly through the diagram of Fig. 1 followed by a pos- 
sible final state interaction is in qualitative agreement with all the experimental 
data listed above. We will now see that such an agreement cannot be given by 
other possible explanations. 

One can imagine that the pion production goes through different channels one of 
which given by Fig. 1 (the inclusion of the latter is necessary to get agreement with 
point ii)), and that the validity of the isobar model is determined not by final state 
interaction effects, but by the contribution of other channels. Once one has given 
up the possibility of the final state interaction to explain points iii) and iv) one 
is obliged to assume that the x-m interaction is much stronger in the state [=2 
than in the other states (see Table I). We can say that if the diagram of Fig. 1 
could act alone at 1 GeV it would give a cross-section of at least 4 mb for the 
reaction (2). But then its contribution to the reaction 


Tp = Tt 7M , 


should be about 32 mb (see Table I) which is surely in disagreement with the 
total o* of 28 mb. Thus it is not possible to assume that the part of the inelastic 
channel going through the diagram of Fig. ] is determined by a strong I=2 r-r inter- 
action. The state 1—0 is excluded because it could not affect reaction (2). There 


1802 


—— 


EVIDENCE FOR TWO PION-PION RESONANCES 779 


remains only J=1. But in this state as follows from Table I, the r-r interaction 
should give a double contribution to reaction (1), in disagreement with point iv). 
Thus the «many channels» model always contradicts the experimental facts. 


2. — Maximum in co’ at 1.3 GeV. 


The first experiment evidence shows a striking similarity between this max- 
imum and the one at 0.9 GeV in o-. In fact it is essentially composed of inelastic 
scattering and the elastic differential cross-section shows a forward diffraction-like 
peak giving 1 fermi for the nucleon radius, that is to Say a value very close to 
the Compton wave-length of the pion (18). Also though direct experimental evidence 
of the x-x interaction is lacking here, let us suppose that this interaction is res- 
ponsible for this hump. It follows then from Table I that this interaction must 
be particularly strong in the 7=2 state. 

In order to be able to say something about the energy of this resonance let 
us again discuss the 0.9 GeV hump in o-. One may suspect that the position of 
the maximum of o is strongly influenced by the position of the x-x resonance. 
If one assumes that this maximum is attained when the x-r cross-section has its 
maximum average value one gets the result that the position of the 7=1 x-r reso- 
nance must be 4.84 (4%=meson mass) in full agreement with the values deduced 
from the structure of the nucleon (14) and from the spectra of the nucleons in 
x production (11). Thus one is tempted to do the same for the 1.3 GeV ot bump, 
the result being 

= (Yn 


If such a resonance exists it could not have any direct effect either on pion-nucleon 
and nucleon-nucleon elastic scattering, or on the electro-magnetic structure of the 
nucleon, in the sense that a nucleon cannot undergo a virtual emission of a system 
with [=2. However the following experimentally detectable effects are to be expected : 


1) no hump corresponding to the one at 1.3 GeV in r+-p scattering should 
be found in the cross-section for double photoproduction; 


2) an experiment on single pion production in pion-nucleon collision around 
1.3 GeV analysed as is done in (1), should give a strong evidence of +-x interaction 
for the events 
mt+p—>n+nt+nt, 


due to the fact that kinematic and isotopic-spin considerations in this case exclude 
the possibility that the final state interaction is important. 


Furthermore the branching ratio R=o(pt+nt+)/o(pt->p+) is expected to be 
rather bigger than 1. The simple diagram of Fig. 1 with the x-x interaction in 
I=2 would give R=8, but the final state interactions and the still important effect 
of the I=1 resonance could lower it considerably. This prediction is very different 
from those of the isobar model (R=2) and of the statistical theory (R—2). 


* KOK 


The author wishes to thank Drs. B. VirALe and D. Amati for valuable discussions. 


(13) L. O. RoELLIG and D. A. GLASER: Phys. Rev., 116, 1001 (1959). 
(4) J. Bowcock, W. N. COTTINGHAM and D. LURIB: Nuovo Cimento, to be published. 
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Evidence for a New 191 min Half-Period Activity in Nb. 


M. BoccroriniI, G. Di CaporIAcco, L. FoA and M. Manno 


Istituto Nazionale di Fisica Nucleare - Sottosezione di Firenze 
Istituto di Fisica dell'Università - Arcetri (Firenze) 


(ricevuto il 4 Aprile 1960) 


A new activity of 191 min half-period 
has been found when irradiating a Nb 
with neutrons from the *H(d, n)*He sam- 
ple reaction. 

The y-spectrum in two Nal crystals 
was analyzed by means of a ten channel 
amplitude analyzer of the type described 
by JOHNSTONE ('); three main peaks are 
clearly apparent in the spectrum: at 
200 keV (which we will call hence- 
forth y,), at 495 keV (y.) and at about 
930 keV (3); the last one was identified, 
from the half-life, as the expected and 
well known 934 keV line which follows 
the decay of 10.15 days ®2ND (2). 

The two lines y, and y, have been 
shown to exhibit, after proper correction 
of the residual 10.15 days activity due 
to the Compton continuum from 3, 
the same half-life; our best value is 
T,=(191 + 3) min. 

The two lines y, and y, have also 
been shown to be in coincidence and of 
the same intensity (with an uncertainty 
of perhaps 10%, due to the various cor- 
rections and efficiency factors involved). 

A weaker line at 695 keV 


is also 


(1) C. W. JOHNSTONE: 
January 1953. 

@) Cfr., e.g., H. I. Wust jr., li. G. MANN 
and G. M. IDDINGS: Pyhs. Rev., 113, 881 (1959). 


Nucleonics, p. 36 


present; in consideration of the poor 
geometry this can be interpreted as a. 
sum-line and a speedy check which was. 
made with a different geometry supports 
this view; a small amount of cross-over,. 
however, could not be excluded on the 
basis of experiment alone, owing to poor 
statistics. 

Measurements were not extended in 
this run below 30 keV energy so that. 
the Nb-X line has not been studied. 

Some measurements with a thin 
window Geiger-Miiller counter did show 
that some f or electron conversion 
activity was also present in the sample, 
but there was only a small component, 
if any, of this activity with 191 min 
half-life. The thickness of the counted 
sample (~ 30 mg/em?) does not allow 
to exclude the presence of f or con- 
version electrons with energy less than, 
say, 100 keV. 

By comparing the intensities of 
Y3—934 keV and y, and assuming, pro- 
visionally, that one y,=495 keV quantum 
is emitted per disintegration, by taking 
into account the time of exposure we 
deduce that the ratio of the production 
cross-section for the 191 min activity 
to the production cross section for the 
10.45 days activity is about 0.018. 

Since the chemical purity of the 
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irradiated sample was better than DELIA 
(except for a 0.16% Tantalum impurity) 
the observed yield of the 191 min activity 
makes extremely unlikely that it may be 
due to a reaction on the impurities: since 
no activity of the kind is known among 
the possible (n, n', y), (n, 2n), (n, p) and 
(n, x) products of Nb, we must assign the 
191 min activity to an isomeric state 
and among these a *Nb” (or Nb") 
appears to be more likely since charged 
particle products are intrinsically less 
probable; a surer assignment, however, 
awaits chemical separation, which was 
not carried out in the present series of 
measurements. 

If we accept the tentative assign- 
ment of the 191 min activity to a °2Nb” 
excited state and also exclude the not 
altogether remote possibility that +, 
and y, are in cascade with a low energy 
highly converted transition (which could 
have escaped detection in our apparatus) 
we can still draw further conclusions. 
On the basis of the intensity ratio y, : y, 
and of the comparison of half-life with 
Weisskopf’s extimates, we are led to 
admit that y, precedes +,, and is a 
AJ=4 transition, most probably an M4. 

An upper limit was estimated for 
the production a in our experiments of 
2.35 MeV isomeric state of 13h half- 
life, reported in the literature (3); it 


@) R. A. JAMES: Phys. Rev., 98, 288 (1954). 
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comes out that o(13 h) : 6(10.15 days) < 
<4:10-5. It must be pointed out, 
however, that this cannot be taken as 
sufficient evidence against the existence 
of this state, the more so in considera- 
tion of its high energy. 

In our measurements we did not 
observe the 88 keV isomeric state, whose 
existence in Nb has been established 
by DurFIELD and Vercors (4); this fact, 
however, can easily be accounted for 
if we assume for the 88 keV isomeric 
state a lower spin than for the ground 
state, while assuming a higher spin for 
our isomeric state; the assignment of 
our 191 min activity to Nb” could be 
assumed as a possible, though less 
probable, alternative. 

Experiments are in progress to im- 
prove our knowledge of the new nuclide 
and definitely settle some of the ques- 
tions posed by the present results. 


Thanks are due to Prof. Puppr and 
Prof. PETRALIA of the University of 
Bologna for kindly allowing the free use 
of the accelerator and to Prof. S. FRAN- 
CHETTI for encouraging advice. 


(4) R. B. DUFFIELD and S. H. VEGORS, jr. 
Phys. Rev., 112, 1958 (1959). 
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New Measurements of the Spin-Lattice Relaxation Time 
in Liquid Helium 3. 


G. CARERI. I. MODENA and M. SANTINI 


Istituto di Fisica dell’ Università - Padova 


(ricevuto V11 Aprile 1960) 


The spin-lattice relaxation time 7, 
in liquid helium 3, has been previously 
measured by us, and the results pub- 
lished in this Journal (*). Soon after- 
wards, measurements were published by 
GARWIN and REICH (?) and by ROMER (3). 
These were in strong disagreement with 
our data and also among themselves. 
With the aim of understand the reason 
for this disagreement, we have repeated 
the measurements with the same tech- 
nique of the adiabatic fast passage (1), 
using the larger quantity of *He now 
available to this laboratory. The runs 
were as follows (see Fig. 1): 


a) the same small cell (3 mm i.d. 
size of pyrex) was used as in the previous 
experiments (!). The new results con- 
firmed the sharp rise found in our pre- 
vious data, and the extension to 0.85 °K 
showed the existence ot a flat maximum. 


h) the same glass was used, but 
the cell size was made larger (6 mm i.d.), 


(3) G. CARERI, I. MopENA, M. 
Nuovo Cimento, 13, 207 (1959). 

(?) R.L. GARWIN, H. A. REICH: Phys. Rev. 
115, 1478 (1959). 

(*) R. H. ROMER: Phys. Rev., 115, 1415 (1959). 

(*) M. SANTINI: Nuovo Cimento, in press. 


SANTINI: 


> 


the new results were now closer to those 
by GARWIN and Rercn (2); 


Ts 
700 n 


Fig. 1. — The spin-lattice relaxation time 7, 

versus temperature, in pure liquid *He. GR da- 

ta by GARVIN and REICH (?) at 2.4 atm. pres- 

sure; R data by ROMER (*) at saturated vapor 

pressure under different conditions. a, b, c, d da- 

ta of this laboratory reported in the text, at 
saturated vapor pressure. 


c) a larger cell (10 mm i.d.) was 
used, always of the same glass. 7, be- 
came somewhat larger than in bd); 
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d) finally the same cell used in c) 
was used again after a long cleaning by 
hydrogen gas at 150 °C. This procedure 
is well known in: mass-spectrometry, 
when one wants to eliminate the water 
and other gases adsorbed on the ion 
source, since hydrogen takes their place 
on the surfaces. The 7, values were then 
very close to those of Romer (8). 


From the above it is obvious that 
T, measurements in a glass cell are 
affected by the walls, most probably the 
oxygen adsorbed there acting as a 
catalyst. It seems also likely that 
Romer’s data are correct because he 
did not notice any effect when he 
changed the size of his cell. 

However, we want to point out that 
the wall does not have merely the simple 
effect of catalyzing the nuclear spin 
relaxation with a rate controlled by 
diffusion which is given by ordinary 
gas kinetic theory. As a matter of fact, 
the sharp rise of our measurement re- 
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ported in a) is not understandable in 
terms ot the diffusion coefficient D, 
because D does not show any sharp 
change at 1.5 °K (2:5). As well the de- 
crease of 7, upon increasing of the 
pressure found by Garwin and Reich, 
is not understandable in terms of D, 
because D is slowly affected by the 
pressure (?) and in the wrong direction. 
Therefore one must conclude that the 
walls certainly act as catalyst, but in 
a rather misterious way which depends 
on temperature and pressure. This con- 
clusion is of course grounded upon the 
measurements of D by the spin-echo 
method, which seem to exclude any 
spin-diffusion contribution (?:5). 


* OK Kk 


Thanks are due to Dr. W. McCormick 
for some discussions we had on this 
subject. 


(5) H. R. HART jr., J. C. WHEATLEY: Phys. 


Rev. Lett., 4, 3 (1960). 


LIBRI RICEVUTI E RECENSIONI 


Libri ricevuti. 


F. 


. FRANCIS: 


. MENDELSSOHN: 


H. CLAUSER: Symposium of Plasma Dynamics. Addison-Wesley Pub. Inc., Rea- 
ding, Mass., 1960; pp. 1x+369, $ 12.50. 
Demers: Photographie Corpusculaire II. 
réal, 1959; pp. 464, senza prezzo. 
Ionization Phenomena in Gases. 
tions, London, 1969; pp. vi1t+300, s. 60. 


Les Presses Universitaires, Mont- 


Butterworths Scientific Pubblica- 


. HALLipAy and R. Resnick: Physics for Students of Science and Engineering. 


John Wiley and Sons, New York, 1960; pp. xiv+ 1065, $ 6.00. 
Oryophysics. Interscience Publishers Inc., New 
gine vur+183, $ 4.50 (cloth) 2.50 (paper). 


York, pa- 


. M. Puan and E. W. Pucn: Principles of Eletricity and Magnetism. Addison 


Wesley Pub. Co. Inc., Reading, Mass., 1960; pp. vi1+430, $ 8.75. 
R. Rerrz and F. J. MiLrorp: Foundations of Electromagnetic Theory. Addison 


Wesley Pub. Co. Inc., Reading, Mass., 1960; pp. x14-387, $ 8.75. 
A. S. BisHop: Vers la maitrise de la fusion thermonucléaire. Dunod, Paris, 1960; 


pp. vI-199; N.F. 39. 


J. G. Witson and 8. A. WOUTHUYSEN: Progress in Elementary Particle and Cosmic 


Ray Physics. North Holland Pb. Co., 


Recensioni. 


Bibliography of the Stable Isotopes of 
Oxigen (10 and 18O), compilata 
da D. SAMUEL e F. STECKEL, 
Pergamon Press, 1959, pp. 224. 


La bibliografia è frutto del lavoro 
dei ricercatori di Rehovoth, che, oltre 
allo studio degli isotopi, si dedicano 
da alcuni anni alla preparazione in 
larga scala di acqua arricchita in 180 e170, 


La bibliografia è accuratissima e 


Amsterdam, 1960, pp. x11-461; Fior. 45. 


completa fino al 1957 e potrà essere di 
grande utilità agli specialisti. Essa è 
composta di un indice per autori e di 
un dettagliato indice per materie. Sa- 
rebbe augurabile che molte di tali opere 
fossero a disposizione dei ricercatori 
sperimentali in un’epoca in cui la 
superspecializzazione e l’elefantiasi delle 
pubblicazioni scientifiche rendono estre- 
mente difficile la ricerca bibliografica. 
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